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Chapter 19 


CHEMICAL REACTIONS OF SULFUR AND 


NITROGEN MUSTARDS 


By William H. Stern * 


19.1 INTRODUCTION 


HE PHYSIOLOGICAL EFFECTS of a chemical agent 
IR are a consequence of chemical reactions in 
which the agent participates in the body. A knowl- 
edge of the nature of these reactions, therefore, 
should be of assistance in elucidating the physiologi- 
cal mechanism of the action of the war gases. In the 
case of the sulfur and nitrogen mustards, the work on 
physiological mechanism was undertaken primarily 
in the hope that the information thus gained would 
be of assistance in the design of measures to protect 
personnel exposed to vesicants, and would also be of 
aid in the formulation of a rational therapy for vesi- 
cant casualties. 

In more concrete terms, it was hoped that a sub- 
stance might be found which possessed the desirable 
properties as an antisulfur or antinitrogen mustard 
which have been demonstrated for 2,3-dimercapto- 
propanol (BAL) as an antiarsenical (see Chapter 7). 
The biochemical approach which led to the discovery 
of BAL in England prior to the entry of the United 
States into World War II has, therefore, greatly in- 
fluenced the work on the sulfur and nitrogen mus- 
tards. It may be stated at the outset, however, that 
this approach has not met with success. No antisulfur 
or antinitrogen mustard, in the sense that BAL is an 
antiarsenical, has been found. Moreover, on the basis 
of present knowledge, it appears unlikely that one 
will be found. Before it became possible to draw this 
essentially negative conclusion, however, much work 
on all aspects of physiological mechanism was re- 
quired. 

The investigations to be summarized in this chap- 
ter have demonstrated that the sulfur and nitrogen 
mustards are potent and relatively nonspecific alky- 
lating agents. In aqueous solutions, under physio- 
logical conditions of pH and temperature, they are 
capable of reacting with a vast number of functional 
groups residing in a host of compounds whose in- 
tegrity is vital to the economy of the living cell. 
Among the groups with which the vesicants may re- 
act are sulfhydryl groups, carboxyl groups, primary, 


a Of the Rockefeller Institute for Medical Research, New 
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secondary, and tertiary aliphatic amino groups, 
heterocyclic nitrogen atoms (as in imidazole, proline, 
or pyridine), sulfide groups, and organic and inor- 
ganic phosphate compounds. The derivatives thus 
formed are, in almost every case, exceedingly stable 
compounds. Hence, under conditions compatible 
with cell life there appears to be little chance to effect 
removal of the foreign residue thus introduced. This 
situation is very different from that found to hold 
for the arsenicals. 

Before an attempt can be made to elucidate the 
complex reactions undergone by the vesicants 2n vivo, 
it is necessary to have information on the general 
chemical reactions undergone by these substances in 
simpler zn vitro systems. This chapter, therefore, will 
be concerned exclusively with a description of these 
general chemical reactions, with particular emphasis 
on reactions involving compounds of biological in- 
terest. Since water is an important constituent of 
biological systems, much attention will be directed 
to the transformations undergone by the sulfur and 
nitrogen mustards in water. In addition, it is generally 
believed that many of the effects of vesicants are a 
consequence of the reactions of these agents with 
tissue enzymes and proteins. This phase of the sub- 
ject will be treated in Chapters 21 and 23. However, 
the reactions of the vesicants with amino acids and 
peptides, which should cast much light on the more 
complex reactions with proteins, will be examined in 
some detail in this chapter. 


19.2 CHEMICAL REACTIONS OF 
NITROGEN MUSTARDS 
19.2.1 ‘Transformations in Water 


The transformations undergone by methyl-bzs- 
(6-chloroethyl)amine (HN2) in aqueous solution are 
given in Figure 1. The sequence of reactions d in 
the scheme is supported by three types of € 
mental evidence, namely, (1) kinetic Stuy les MAM "YR 
solutions (up to about 0.01.M ), S/S a 
studies of the reactions undergone BT: 
ous bicarbonate solution (pH 8) z 
aqueous solution; siia ts raa Soa ,99,45, 
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FIGURE 1. Transformations of methyl-bzs(8-chloroethyl)- 
amine (HN2) in water. 


lation in crystalline form of the successive trans- 
formation products of HN2 and a study of their 
properties.?:5.11a,19,30,33735,38,43 The kinetic studies are 
detailed in Chapter 20, whereas the other evidence 
is presented below. 

When HN2 reacts with water at pH 8 (bicarbonate 
buffer) it goes into solution rapidly with the libera- 
tion of nearly 1 equiv of Cl- and the appearance of 
negligibly small amounts of H* (Table 1).5 It will be 
noted from Figure 1 5:82:48 that this is the result to 
be expected on formation of the 1-methyl-1-(8-chlo- 
roethyl)ethylenimonium ion (1). The cyclization of 
HN2 is a special case of the conversion of chloro- 
alkylamines into heterocyclic compounds.” Addi- 
tional evidence for the rapid and nearly quantitative 
conversion of HN2 to the ethylenimonium form is 
provided by the data given in Table 1 on the thio- 
sulfate consumption of the solution. The rapid re- 


action of the ethylenimonium forms of HN2 with 
thiosulfate and the use of the thiosulfate titer as an 
index of ethylenimonium formation is discussed be- 
low. Conclusive evidence for the formation of I is 
furnished by its isolation as a crystalline salt of 
picrylsulfonic acid from solutions of HN2 aged for 
30 minutes at pH 8.5 The picrylsulfonate was identi- 
fied by its elementary composition and thiosulfate 
titer. 


TABLE 1. Hydrolysis of methyl-bis(8-chloroethyl)amine 
(HN2) in bicarbonate solution.® 

Concentration of reactants per milliliter: 0.02 mM of 
HN2- HCl, 0.02 mM of NaOH, 0.08 mM of NaHCQs. 
Temperature, 25 C; pH 8. 

Nao8S905 
consumed 
per per in 10 min per 

Time mMof HN2 mM of HN2 (CI- — H*) mM of HN2 


Cl liberated H* liberated 


min m equiv m equiv m equiv m equiv 
20 0.945 0.085 0.86 1.13 
60 1.20 0.14 1.06 1.08 
120 1.31 0.25 1.06 1.06 
240 1.50 0.48 1.02 0.94 
420 1.65 0.65 1.00 0.82 
1,200 1.83 0.99 0.84 0.28 
4,320 1.90 sinks A 0.06* 


* This value represents the thiosulfate consumed in 1 hour. 


As hydrolysis in bicarbonate proceeds, there is 
observed a slow liberation of additional H+ and CI. 
The liberation of greater amounts of C1- than of H+ 
is evidence for the formation of compounds contain- 
ing quaternary nitrogen atoms. The difference be- 
tween the values for Cl- and H* liberated represents 
the amount of quaternary nitrogen present. It will 
be noted from Table 1 that the thiosulfate titer has 
decreased markedly after 20 hours without an equiv- 
alent diminution in the amount of quaternary nitro- 
gen. This finding indicates that a portion of the 
intermediates having ethylenimonium rings and 
chloroethyl groups have been converted into qua- 
ternary nitrogen compounds which do not react with 
thiosulfate under these conditions. 

At the end of 3 days nearly the theoretical amount 
of Cl- had been liberated, and the 1-hour thiosulfate 
titer was very low. From such an aged solution the 
products isolated as picrylsulfonates were methyl- 
diethanolamine (1V) in the amount of 55 per cent and 
the dihydroxy cyclic compound, N,N’-dimethyl- 
N,N'-bis(8-hydroxyethyl)piperazinium salt, in the 
amount of 24 per cent.’ The dichlorocyclic dimer, 
N,N'-dimethyl-N,N '-bzs(8-chloroethyl) piperazinium 
salt (V), is not formed in appreciable amounts jn the 
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presence of bicarbonate, but, as will be shown later, 
is a major product of the reaction of HN2 in un- 
buffered solution. The two piperazinium derivatives, 
V and VI, have also been synthesized.? 

The use of thiosulfate as a reagent for ethyleni- 
monium compounds was suggested by observa- 
tions ** on the reactivity of solutions of HN2 with 
thiosulfate. The kineties of the reaction have been 
studied, and the product (Bunte salt) isolated.’ It 
will be noted from Table 1 that the quaternary nitro- 
gen content of the solution (Cl- — H*) does not 
change greatly during the transformations of HN2. 
This quaternary nitrogen may be either in the form 
of the imonium ions I and III, or the compounds V, 
VI, or VII. A study of the isolated products has re- 
vealed that these two types of compounds can be 
distinguished by their reactivities toward thiosul- 
fate. Thus, I and III react very rapidly with thio- 
sulfate, consuming 1 equiv within 10 minutes.’ In 
the case of I, the reaction proceeds further, the re- 
maining B-chloroethyl group cyclizes, and a second 
equivalent of thiosulfate is consumed within the suc- 
ceeding 110 minutes. Compounds V, VI, and VII do 
not consume thiosulfate within 24 hours at 25 C.° 
The chlorohydrin (II) also reacts with thiosulfate,‘ 
presumably with prior cyclization to III, 0.66 equiv 
being consumed in 10 minutes. Consequently, the 
10-minute thiosulfate titer of an aged solution of 
HN2 would measure part of the chlorohydrin in 
addition to the imonium ions present. In aged bi- 
carbonate solutions of HN2, the amount of chloro- 
hydrin present at a given time must be small, how- 
ever, and the 10-minute thiosulfate titer will give a 
sufficiently accurate measure of the imonium ion 
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concentration. As will be shown later, the same situ- 
ation is not met in aged unbuffered solutions of HN2. 

Additional evidence for the validity of the scheme 
given in Figure 1 was provided by a study of the 
properties of the various compounds given in the 
scheme, all of which have been isolated. Thus, the 
imonium ion (I), the isolation of which was men- 
tioned above, when subjected to hydrolysis in aque- 
ous bicarbonate gave analytical figures (Table 2)° 
compatible with the mechanism (Figure 1). The 
products of the hydrolysis of I were isolated as 
picrylsulfonates and found to be the linear com- 
pound (VII), and the cyclic compound (VI).5 It will 
be noted in Figure 1 that the cyclization of HN2 to 
form the imonium ion (I) is written as a reversible 
reaction.®:*?:43 Evidence for the validity of tbis con- 
cept is provided by the kinetic studies reported in 
Chapter 20, and by experiments with the isolated 
picrylsulfonate of I. It has been found that, after 
treatment of the latter with dilute HCl for 20 hours 
at 25 C, HN2 picrylsulfonate is formed and can be 
isolated from the reaction mixture.? 

The chlorohydrin, methyl-6-chloroethyl-8-hydroxy- 
ethylamine (II), has been isolated from aged unbuf- 
fered solutions of HN2 as a salt of picrylsulfonic 
acid. The chlorohydrin has also been synthe- 
sized.!®:18 On hydrolysis in aqueous bicarbonate solu- 
tion the analytical data (Table 2) indicate that II is 
transformed according to the reaction sequences 
given in Figure 1. From the hydrolysate the 1- 
methyl-1-(8-hydroxyethyl)ethylenimonium ion (III), 
and the cyclic compound (VI) have been isolated as 
picrylsulfonates.°® 

The hydrolysis of the picrylsulfonate of III was 


TaBLE 2. Hydrolysis of transformation products of methyl-bzs(8-chloroethyl)amine (HN2) in bicarbonate 


solution.® 


Concentration of reactants per milliliter: 0.02 mM of picrylsulfonate of I, II, or III; 0.08 mM of NaHCO;. 


Temperature 25 C; pH 8 (unless otherwise noted). 
CI- liberated per mM 


H* liberated per mM 


Na385O053 consumed in 10 min per mM 


Time I II I 115 III II III 
min m equiv m equiv m equiv m equiv m equiv m equiv m equiv m equiv 
20 0.09 0.62 0.30 0.01 via 1.07 0.89 X 
60 0.27 0.89 0.44 0.03 0.12 0.92 0.90 0.84 
120 0.59 da 0.78 ii ee 0.84 T A 
180 od 0.99 5 0.14 0.26 Tues 0.85 0.69 
240 0.89 2 1.19 s id 0.54 id whe 
420 0.94 ied 1.37 (aM of 0.29 ess PER 
1,200 0.97 1.02 1.68 0.46 0.67 0.00 0.36 0.00 
2,400 zx 1.03 des 0.69 TY 58 0.00 T 


* Corrected for H* arising from picrylsulfonic acid. This was found to be 1 m equiv per mM of II picrylsulfonate. 

t The rate of disappearance of III in this experiment appears to be more rapid than in the case of the aging of the chlorohydrin (II). In the latter experi- 
ment the initial pH was 7.3 and rose to 8.2 after 20 hours, whereas in the experiment with III the initial pH was 8.4 and rose to 8.7 after 20 hours. The 
lower initial pH in the chlorohydrin experiment may, therefore, explain the greater persistence of III in the aged chlorohydrin solution. 
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also studied (Table 2). The data indicated that ITI 
was transformed into VII and methyldiethanolamine 
in 20 hours. Both substances were isolated from the 
hydrolysate as picrylsulfonates, the amount of VII 
corresponding to 63 per cent of the theoretical maxi- 
mum. Compound VI was not obtained.’ 

It should be pointed out that, after hydrolysis of 
HN2, the relative amounts of the various end prod- 
ucts given in Figure 1 will vary depending upon the 
concentration of HN2 employed. In very dilute solu- 
tions hydrolysis to methyldiethanolamine predom- 
inates (Chapter 20). As the concentration of HN2 is 
raised, however, formation of compounds such as V, 
VI, or VII is increased, and hydrolysis is reduced. 

The possible use of the nitrogen mustards as water 
contaminants made it imperative to study in some 
detail the reactions of these compounds in unbuffered 
aqueous solution.®:1!2:18,272,b ,32,39,36,42.48 Particularly was 
this the case since it had been found that, upon 
standing at room temperature for 48 hours or longer, 
] per cent aqueous solutions of HN2 exhibited a 
neurotoxic action upon administration to experi- 
mental animals.?7*.5.32,95,86 

The aging of 1 per cent aqueous solutions of HN2 
was followed by determination of H+ and CI- libera- 
tion and thiosulfate titers. The solutions reached a 
steady state in from 48-72 hours, and the toxicity 
remained unaltered over a period of weeks.?7*.5.32,35,36 
The composition of 1 per cent solutions of HN2 aged 
for 48 hours was studied, and it was found, by frac- 
tionation of picrates,? that the solutions contained 
25 per cent of the dimer (V), 15 per cent of un- 
changed HN2, and 35 per cent of the chlorohydrin 
(II). Later these figures were amended to 25 per cent 
of V, 20 per cent of unchanged HN2, 35 per cent of 
the chlorohydrin (II), and 20 per cent of methyl- 
diethanolamine.*:# The values for the last two com- 
pounds were based on analytical rather than isolation 
data. It was found, however, that picrylsulfonic acid 
was a better reagent than picric acid for the isolation 
of the components of aged solutions of HN2; cleaner 
separations and much higher total yields were ob- 
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tained. Accordingly, the picrylsulfonate isolation 
procedure was applied to the following 48-hour aged 
solutions of HN2:>" (1) a 1 per cent solution of the 
tree base, (2) a 1 per cent solution of the base con- 
taining 1 equiv of NaCl (from neutralization of 
HN2-HCl), and (3), a 1.56 per cent (0.10 M) solu- 
tion of the base containing 1 equiv of NaCl. The 
results of these experiments are given in Table 3.¥ 
It will be noted that the presence of NaCl and/or an 
increase 1n initial concentrations of HN2 leads to an 
increase in the amount of the dimer V, and a de- 
crease in the extent of hydrolysis. The amount ot 
unchanged HN2 remains fairly constant. 

Prior to the isolation procedure, the aged solutions 
were analyzed for Cl- and H* liberated, and 2-hour 
thiosulfate titer. A comparison of the analytical and 
isolation data (Table 4)? should reveal changes in 
the composition ot the aged solutions produced by 
the experimental procedures incident to the isola- 
tions. The data in Table 4 indicate that all of the 
carbon-bound chlorine has been accounted for, but 
that there remains unaccounted for some quaternary 
nitrogen containing material which reacts with thio- 
sulfate. This material is probably the imonium ion 
(III). Some methyldiethanolamine also has probably 
escaped isolation. 

From the results given above, it would appear that 
the composition of 48-hour aged solutions of HN2 is 
known within narrow limits. The toxicity of such 
solutions may be ascribed to the presence of the 
chlorohydrin (II), unchanged HN2, and possibly also 
to a small amount of the imonium ion (IIT).° 148.27 
For the decontamination of water supplies, therefore, 
procedures should be directed to the removal or de- 
struction of these substances. 

Studies similar to those given in detail for HN2 
have also been performed on several other members 
of the nitrogen mustard series (for kinetic studies see 
Chapter 20). They may be summarized briefly as fol- 
lows: In the case of ethyl-bzs(8-chloroethyl)amine 
(HN1), the same series of reactions given in Figure 1 
have been found to occur.®!!#,43,548 It is noteworthy, 


TABLE 3. Composition of 48-hour aged solutions of methyl-bzs(8-chloroethyl)amine ( H[N2).'? 


Components isolated 


Methyldi- 
Concentration Dichloroeyelie — Chlorohydrin ethanol- Unchanged 
of HN2, NaCl dimer (V), iy). amine (IV), HN2, Total 
per cent per cent per cent per cent per cent per cent 
l Absent 22 58 2 11 93 
1 Present 3l 49 3 9 92 
1.56 Present 44 39 0.3 8 91.3 
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TABLE 4. Analysis of 48-hour aged solutions of methyl-bis(8-chloroethyl)amine ( HN2).'? ( Values in parentheses are cal- 


eulated from isolation data given in Table 3.) 











NasoS»03 con- 
Concentration Cl-liberated | Carbon-bound C1]  H*liberated Quaternary N  sumed in 2 hrs 
of HN2, NaCl per mM HN2 per mM HN2 per mM HN2 (Cl- — Ht) per mM HN2 
per cent m equiv m equiv m equiv m equiv m equiv 
1 Absent 1.00 1.00 0.66 0.34 0.87 
(0.84) (0.91) (0.62) (0.22) (0.80) 
1 Present 0.99 1.01 0.64 0.35 0.73 
(0.86) (0.98) (0.55) (0.31) (0.67) 
1.56 Present 1.00 1.00 0.54 0.46 0.63 
(0.84) (0.99) (0.40) (0.55) 


however, that HN1 appears to form dimeric prod- 
ucts, analogous to V or VI, much less readily than 
does HN2.'."2-43 The following transformation prod- 
ucts have been isolated from aged solutions of HN1, 
and their chemical and toxicological properties in- 
vestigated (see Chapter 22): l-ethyl-1-(8-chloro- 
ethyl)ethylenimonium pierylsulfonate,? ethyl-8-chlo- 
roethyl-8-hydroxyethylamine  pierylsulfonate,?  1- 
ethyl-1-(8-hydroxyethyl)ethylenimonium  pierylsul- 
fonate.® The dimeric compound, N,N’-diethyl-N,N "- 
bis(8-chloroethyl)piperazinium dichloride, has not 
been obtained after hydrolysis of HN1 in water, but 
has been isolated from aged methanolic solutions of 
HN1.*% Formation of the dimer is noticeably slower 
in the case of HNI than in the case of HN2.9 

The reactions in water of other homologs of HN2 
have also been studied, although not in so great de- 
tail (see Chapter 20). The behavior of the n-propyl 
and isopropyl compounds has been found to resemble 
HNI1 rather than HN2.9 Thus, both compounds 
show little if any tendency to form dimeric products. 
N, N’-di-n-propyl- N, N’-bzs (8-chloroethyl) piperazi- 
nium dichloride has been isolated from aged metha- 
nolie solutions of »-propyl-52s(8-chloroethyl)amine, 
but the corresponding isopropyl compound could not 
be induced to dimerize under these conditions.* 

The transformations undergone by íris(8-chloro- 
ethyl)amine (HN3) in water have been studied in 
detail.5:15275.5,2 'lhis substance differs from HN2 
and its homologs in that it possesses a markedly 
lower solubility in water. Qualitatively, however, 
HN3 behaves in a manner analogous to HN1, with 
the exception that three imonium ions are formed 
successively from the three $-chloroethyl groups. 
The first imonium form, 1,1-b7s(6-chloroethyl)ethyl- 
enimonium ion, is extremely reactive, undergoing 
hydrolysis or reaction with other groups (e.g., thio- 
sulfate) very rapidly.5:19.114.4 For this reason, the sub- 
stance has not been isolated. Its formation has been 


(0.44) 


established on the basis of kinetic (see Chapter 20) 
and analytical studies.» The following transformation 
produets of HN3 have been isolated, and their chemi- 
cal and toxicological properties studied (see Chap- 
ter 23): bis(8-chloroethyl)-8-hydroxyethylamine pic- 
rylsulfonate,? 1-6-chloroethyl-1-6-hydroxyethyleth- 
vlenimonium pierylsulfonate,? b7s(8-hydroxyethyl)- 
B8-chloroethvlamine picrylsulfonate ? and picrate,^ 
1,1-bzs(8-hydroxyethyl)ethylenimonium pierylsulton- 
ate? and triethanolamine picrylsulfonate.® Two 
cyclic products have also been obtained in low yield. 
These are the dimer of HN3, N,N,N’,N’-tetrakzs(6- 
chloroethyl)piperazinium dichloride ” (synthesis) ,°*’ 
and N,N’-bis(8-chloroethyl) N,N ’-bzs(6-hydroxy- 
ethvl)piperazinium dipierylsulfonate. Like HNI, 
however, HN3 shows little tendency to form dimeric 
produets, the preponderant reactions being those of 
hydrolysis? In unbuffered solution the hydrolysis of 
HN3 slows down and attains a steady state in 48- 
72 hours.?”>.°- The principal product in such an 
aged solution, as revealed by analytical and isola- 
tion data, is bis(8-chloroethyl)-8-hydroxyethyla- 
mine,??7».2 although b7s(6-hydroxyethyl)-6-chloro- 
ethylamine has also been isolated as a picrate.* 


19.2.2 Reactions of 8-Chloroethyl 
Groups with Compounds of Biochemical 
Interest 


As will be shown in this section, the nitrogen mus- 
tards are capable of combining with a wide variety of 
chemical groupings. In every case in which a reaction 
has been investigated in detail, however, it has been 
found that cyclization to the imonium form must 
occur as the first step. Consequently, when state- 
ments are made in the following pages concerning the 
reactivity of the nitrogen mustards, it 1s always as- 
sumed that it is the imonium form of the vesicant 
which is actually involved in any reaction. Support 
for this assumption comes from kinetic studies of the 
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reaction of the nitrogen mustards with ions such as 
thiosulfate, thiocyanate, alanine-carboxylate (see 
Chapter 20). Additional evidence confirming this 
view was obtained by a study of the reaction of HN2 
with the amino group of alanine, glutamic acid, and 
olycylglycine.® It was found that in the reaction with 
alanine, no amino nitrogen disappears until after the 
first equivalent of CI- has been liberated. The rate of 
the appearance of Cl- is unaffected by the presence 
of alanine. The formation of H*, however, coincides 
with the disappearance of amino groups and 1s faster 
in the presence of alanine than in its absence. More- 
over, it has been shown that alanine and a number of 
other substances increase the rate of the disappear- 
ance of both imonium forms of HN2.5 

It has been found that the nitrogen mustards react 
readily with the basic nitrogen atoms in a wide vari- 
ety of compounds. Thus, reaction has been noted 
with the primary amino groups of amino acids and 
peptides? with the secondary and tertiary amino 
groups of aliphatic amines,5?8 and with the nitrogen 
atom of cyclic amines. 282.5 

The reaction of the nitrogen mustards (HNI, 
HN2, and HN3) with the amino groups of amino 
acids and peptides was studied by determining the 
extent of the disappearance of amino nitrogen with 
the aid of the Van Slyke nitrous acid method.5 The 
following amino acids and peptides were investi- 
gated: glycine, alanine, serine, threonine, glutamic 
acid, lysine, arginine, histidine, 8-alanine, phenyl- 
alanine, tryptophane, methionine, and glycylglycine; 
tyrosineamide acetate and benzoyllysine amide (for 
HN2 only); leucylglycine and leueylglycylglycine 
(for HN1 and HN2 only). It was found that the 
three nitrogen mustards react readily with the amino 
groups of almost all the substances examined, the 
extent of the reaction being increased at more alka- 
line pH values. At pH 8, the reactivity of the three 
nitrogen mustards was about the same. Under the 
conditions employed, between 0.35 and 0.50 equiv 
of the amino group reacted per equivalent of the 
B-chloroethyl group. The amino group of peptides 
was somewhat more reactive than that of simple 
amino acids. From these experiments it was also con- 
cluded that the nitrogen mustards react readily with 
the imidazole nitrogen of histidine, and that HN3 
reacts with the sulfide sulfur of methionine (see 
p. 396). At pH 8, however, the nitrogen vesicants do 
not appear to react with the phenolic hydroxyl of 
tyrosine or the indole nitrogen of tryptophane.’ 

The product of the reaction of HN2 with phenyl- 
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alanine at pH 9.5 was isolated and found to have the 


structure VIII.5 
COOH 


| 
CH;CH;NHCHCH;C,H; 
CH;N 


DENS 
COOH 
(VIII) 
In the reaction of alanine with HN2 at pH 8, how- 
ever, the product was believed to have the structure 
ix. 


CHCH, 
+/ + 
CERES NCH;3CH;NHCHCH; 
COOH CH;CH; COOH 
CH; CH; 
(LX) 


The compound was not isolated, but its constitution 
was surmised on the basis of analytical data (H* and 
Cl- liberation, disappearance of amino nitrogen, and 
thiosulfate consumption) obtained in the course of 
the reaction. 

The ability of a given nitrogen mustard to react 
with secondary or tertiary aliphatic amines, or with 
cyclic amines, was measured by one or both of two 
methods. In one method, the thiosulfate method,?*^ 
the amine and the nitrogen mustard were held in 
aqueous solution and the unreacted nitrogen mustard 
determined by thiosulfate titration at any desired 
time interval. In the second method,? the nitrogen 
mustard, together with alanine and the secondary, 
tertiary, or cyclic amine under investigation, was 
allowed to react in aqueous solution at pH 8 for 24 
hours. At the end of this time the extent of the disap- 
pearance of alanine amino nitrogen was measured 
and compared with the result obtained when the 
amine under investigation was absent. If the amine 
being investigated reacted with the nitrogen mustard, 
the amount of the latter available for reaction with 
alanine would be decreased and the extent of the dis- 
appearance of amino nitrogen would be reduced. 
Thus, the reaction between a nitrogen mustard and 
alanine was used to determine whether the nitrogen 
mustard reacted with a given substance, and further 
to obtain an estimate of the rate of this reaction rela- 
tive to the rate of the reaction of the nitrogen mus- 
tard with alanine. This second method, called the 
competition method, is similar in principle to the 
one used in studying the chemical reactions of H.°* 
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It was found that tertiary amines, both aliphatic 
and cyclic, react more completely with the nitrogen 
mustards than do secondary or primary amines.”°? 
In the aliphatic series the introduction on the nitro- 
gen of two or more alkyl groups larger than methyl 
interferes markedly with the reaction.” The replace- 
ment of one methyl group by an ethanol or acetic 
acid radical does not inhibit the reaction.?5^ The 
product of the reaction of HN2 with methyldietha- 
nolamine was isolated and found to have the struc- 
ture X.?.!a 


HOCH;CH» CH3CH;0H 
- - 
NCH;CH;3NCH3;3CH;N 

d 
CH; CH; CH; 
(X) 


In the cyclic series, several substances of great re- 
activity were encountered.?%> The most reactive com- 
pounds appeared to be those containing two or more 
nitrogen atoms separated by methylene groups, such 
as diethylene tetramethylene tetramine and hexa- 
methylene tetramine. The main product of the re- 
action of HN2 with hexamethylene tetramine in 
water was found to be XI.?* 


E co oam (CH3)(N)s 


CH; 
(XI) 


From the biochemical point of view, it is of interest 
that pyridine itself, and the pyridine nitrogen in sub- 
stances such as pyridoxine, nicotinic acid, and nico- 
tinamide react readily with the nitrogen mustards to 
form pyridinium derivatives.® The compounds formed 
from HN2 and 1 equiv of pyridine or nicotinic acid 
have been isolated and found to have the structure 
XII, where R represents either the pyridine ring or 
the 3-carboxypyridine group.? 

CH; 


| + 
HOCH,CH;NCH;CH;NR 


(XII) 


It should be noted as well that the nitrogen mus- 
tards react readily with the imino nitrogen of proline, 
and with the imidazole nitrogen of acetylhistidine 
and imidazole.’ Reaction with thiamin, adenosine, 
adenylic acid, anserine, carnosine, and sarcosine has 
also been observed.5:28Þ 

Evidence has been obtained that the nitrogen mus- 
tards can react with carboxyl groups.?!? In the case 


of HN3, the products of the reaction with sodium ac- 
etyldehydrophenylalanine and sodium acetyldehy- 
drophenylalanyldehydrophenylalanine have been iso- 
lated and found to be triacyl derivatives of trietha- 
nolamine.® The reaction products of HN3 with acetate 
and hippurate have not been isolated, but the extent 
of esterification (25 per cent, under the conditions 
employed) has been determined by saponification 
equivalent. For HN1 and HN2 it has been found 
that reaction with carboxyl groups does not occur so 
readily, nor are the reaction products so stable as in 
the case of HN3. Thus, kinetie studies have shown 
that the first ethylenimonium ion derived from HN2 
reacts with propionate in aqueous solution at pH 
7.4.10 The resulting ester of methyldiethanolamine 
was found to be unstable, however, saponifying with 
such rapidity that little or no ester could be detected 
in the reaction mixture after 24 hours. The carbonic 
acid ester is apparently even more unstable in dilute 
aqueous solution.!? Such esters are formed and hydro- 
lyzed at a rate much greater than the direct hydroly- 
sis of the imonium ion of HN2. In effect, therefore, 
these carboxylate ions catalyze the hydrolysis of the 
imonium ions.!° It may be mentioned that no saponi- 
fiable esters could be detected after 18-24 hours 
when HN1 or HN2 were allowed to react with sodium 
acetate or sodium hippurate.® In competition experi- 
ments with alanine as the reference substance, no 
evidence for reaction of acetate with HN2 was found.? 
It appeared, however, that hippurate reacted 
slightly, and that carbobenzoxyglutamic acid and 
carbobenzoxyaspartic acid reacted appreciably, with 
HN2. In the latter cases it seems probable that it is 
the y-carboxyl*of glutamic acid and the B-carboxyl 
of aspartic acid which are involved. In contrast to 
HN2, carbobenzoxyglutamic acid does not compete 
at all with alanine for reaction with HN1. The re- 
sults summarized above make it appear probable 
that the order of reactivity of the nitrogen mustards 
toward carboxyl groups is: HN3 > HN2 > HN1.° 
There is abundant evidence to indicate that all of 
the nitrogen mustards react readily with sulthydryl 
eroups.5:,022 'The reactions of HNI, HN2, and HN3 
with thiosulfate have received particular atten- 
tion.50,58 (For the kinetics of the reaction, see Chap- 
ter 20.) The reactions of HN1, HN2, and HN3 with 
thiosulfate proceed so rapidly that even in dilute 
solution the imonium ions combine quantitatively 
with thiosulfate and hydrolysis is suppressed. Refer- 
ence to the high reactivity of thiosulfate has already 
been made (p. 391). HN1 and HN2 combine with 
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2 equiv, and HN3 with 3 equiv of thiosulfate. The 
product of the reaction, the Bunte salt, has been 
isolated in each case.» The behavior of thiocyanate 
is qualitatively similar to that of thiosulfate.t° The 
nitrogen mustards also react very readily with the 
sulfhydryl groups of cysteine, glutathione, and 
bis(B-mercaptoethyl) sulfide.” The product of the 
reaction between HN2 and cysteine was isolated and 
found to be the bis-S-cysteinyl derivative.”? With 
potassium toluenethiosulfonate, HN2 gives the cor- 
responding b:s-thiosulfonate ester.? 

As a result of studies with free amino acids, 1t was 
stated on p. 394 that HN3 reacts with the sulfur of 
methionine. However, the evidence concerning the 
reactivity of HN1 and HN2 toward methionine 
sulfur is equivocal.® On the other hand, by utilizing 
the competition method, it could be shown definitely 
that all three of the nitrogen mustards combined 
with the sulfur of thiodiglycol, presumably with the 
formation of a sulfonium salt.’ The nitrogen mus- 
tards also react with inorganic sulfides, polysulfides, 
and bisulfite.*! 58 

In view of the importance of phosphate and phos- 
phorylated compounds to the economy of the living 
cell, it 1s of interest that the nitrogen mustards have 
been found to react with both inorganic and organic 
phosphates.®?’> The extent of the reaction was meas- 
ured by determination of inorganic phosphate,*?’> 
and by the alanine competition method.??^ The fol- 
lowing compounds were found to react with HN2: 
NasHPO;, NasP2O;, sodium glycerophosphate, fruc- 
tose-l- and fructose-6-phosphate, glucose-3- and 
glucose-6-phosphate, cytidine diphosphate, and ade- 
nosine triphosphate. Theophylline» glucoside and 
desoxyribose were inactive. 

When one of the 6-chloroethyl groups of a nitro- 
gen mustard reacts with a given functional group, it 
is to be expected that the chemical nature of the 
group which is introduced into the nitrogen mustard 
will influence the reactivity of the second chloroethyl 
group. The validity of this supposition was supported 
by experiments with monosubstituted derivatives of 
HNI and HN2.5:5$ 'The derivatives were prepared by 
allowing the chloroethylethylenimonium picrylsul- 
fonate of HN1 or HN2 to react in acetone solution 
with the desired compound. The products were iso- 
lated as picrylsulfonates. The following monosubsti- 
tuted derivatives were examined: the pyridine and 
methyldiethanolamine derivatives of HN1 and HN2, 
and the nicotinic acid, hexamethylene tetramine, and 
thiodiglycol derivatives of HN2. It was found that 
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the monosubstituted derivatives of both HN1 and 
HN2 reacted more slowly with aqueous thiosulfate 
than did the corresponding chlorohydrins. Moreover, 
the HN1 derivatives consumed thiosulfate more 
rapidly than did the corresponding HN2 derivatives. 
It was also found that during hydrolysis, Cl^ was 
liberated more slowly from the monosubstituted 
HN2 derivatives than was the case with HN2 
chlorohydrin. 

On the basis of the work summarized in this section 
it is apparent that the nitrogen mustards can react 
with a wide variety of cell constituents. The reactiv- 
ity of these vesicants with amino groups, sulfhydryl 
groups, carboxyl groups, sulfide groups, and imid- 
azole groups indicates that the nitrogen mustards 
in vivo may attack free amino acids, peptides, and 
proteins (including, of course, enzymes and hor- 
mones) in a number of ways. The vesicants may also 
react with essential coenzymes such as nicotinamide, 
pyridoxine, and thiamin. The ability of the nitrogen 
mustards to combine with organic and inorganic 
phosphate is of biochemical interest and points to the 
possibility that the vesicants may interfere with 
normal cellular activity not only by combining with 
cell catalysts, but by reacting with essential sub- 
strates as well. Reaction with carboxyl groups could 
also operate in this manner. It should be mentioned 
that nucleic acids contain both phosphate and amino 
groups, and hence these substances also may be acted 
upon by the nitrogen mustards. 

In view of the wide range of chemical groups which 
may enter into combination with the nitrogen mus- 
tards, it is not surprising that these substances are 
potent cell poisons. Moreover, on the basis of current 
knowledge it would appear that the nature of the 
chemical linkages formed is such that cleavage of the 
vesicant residue under conditions compatible with 
cell life seems unlikely. Although systematic investi- 
gations of the stability of numerous nitrogen mustard 
derivatives are lacking, no indications of instability 
have been reported, with the exception of a few of the 
esters referred to above. The stability of the com- 
pounds not specifically investigated may be inferred 
by analogy from the nature of the linkages involved. 


19.2.3 N Oxides of Nitrogen Mustards 


The nitrogen mustards are rapidly oxidized by 
peracids in aqueous solution at weakly alkaline pH 
values.® In acid solution the oxidation is much slower. 
All the products of the reactions, the N oxides of 
HN1, HN2, and HN3, have been isolated as their 
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hydrochlorides.5 The high yield obtained (78-85 per 
cent) indicates that oxidation of the nitrogen atom 
proceeds much more rapidly than does hydrolysis of 
the 8-chloroethyl groups. The stability of the 6-chlo- 
roethyl groups of the N oxides was investigated by 
measuring the liberation of H+ and Cl- and the con- 
sumption of thiosulfate in bicarbonate solution.® It 
was found that both HN2 and HN3 N oxides liberate 
Cl- and H* and consume thiosulfate, HN3 N oxide 
being the more reactive. The reactions are much 
slower than those observed with the parent nitrogen 
mustards. The final products of the hydrolysis, which 
have not been identified with certainty, do not con- 
sume thiosulfate. 


CHEMICAL REACTIONS OF bis- 
(6B-CHLOROETHYL) SULFIDE (H) 


19.3 


19.3.1 Transformations in Water 


The transformations undergone by b7s(8-chloro- 
ethyl) sulfide (H) in water are given in Figure 2.14.54 


The sequence of reactions given in the figure is simi- 
lar in many respects to that given for HN2 in Fig- 
ure 1, and support for Figure 2 is derived from the 
same three types of experimental evidence presented 
to substantiate Figure 1; namely, kinetic data, ana- 
lytical data on hydrolysates of H (H+ and CI- libera- 
tion, ete.), and data obtained by the isolation of the 
compounds given and the study of their properties. 
Mention should be made, however, of three notable 
differences between the behavior of H and that of the 
nitrogen mustards. In the first place, the cyclic 
ethylenesulfonium ions, XIII and XV, which accord- 
ing to one theory are formed from H and its chloro- 
hydrin (CH, 6-chloroethyl 8-hydroxyethyl sulfide, 
XIV), are extremely unstable, do not accumulate in 
solution, and hence have never been isolated. Their 
existence is predicated on indirect evidence derived 
largely from kinetic investigations (see Chapter 20). 
In the second place, dithiane sulfonium compounds 
have not been detected in hydrolysates of H. It will 
be recalled, however, that cyclic piperazinium deriva- 
tives are sometimes formed during the hydrolysis of 


CH;CH;CI CH, CH;CH;OH CH;CH;OH CH;CH;OH 
d t d E 
S —_ S—CH, +H:20 S — S—CH, THO, S 
CH;CH;CI CH;CH;CI CH;CH3CI CH, CH;CH;OH 
(H) (XIII) (XIV) (XV) (TG) 
+TG TTG / +H20 
NC EN A 
CH;CH;OH N CH;CH;OH 
MOD dut 
CH;CH;S CH:CH:;S 
va 
S CH;CH;OH +H20 S CH;CH;OH 
^ N 
CH.CH,Cl CH;CH;OH 
(XVI (XVII) 
+TG PTRO 
A 
CH;CH;OH 
N "f 
CH,CH.S 
7A CH:CH:OH 
S 
N CH;CH;O0H 
CH;CH;S 
CH;CH;OH 
(XVIII) 


FiaunE 2. Transformations of bzs(8-chloroethyl) sulfide (H) in water. 
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the nitrogen mustards. In the third place, the linear 
sulfonium salts formed from H (i.e., compounds 
XVII and XVIII), are reactive, toxic substances, 
whereas the analogous quaternary ammonium com- 
pounds formed in the case of the nitrogen mustards 
are stable and relatively nontoxic. 

The kinetics of the hydrolysis of H in very dilute 
aqueous solution were studied in World War I, and 
these studies have been greatly extended in World 
War II (see Chapter 20). In dilute solutions H hydro- 
lyzes exclusively to thiodiglycol | bzs(8-hydroxyethyl) 
sulfide, TG | and HCl, with the intermediate forma- 
tion of the sulfonium ions XIII and XV, and of CH 
(XIV) (see Chapter 20). On the other hand, it has 
been demonstrated ** that when the ratio of water 
to H is small (about 3/1), only a small quantity of 
TG and HCl are formed, most of the H being con- 
verted to a mixture of sulfonium chlorides. These ex- 
periments, however, were performed under condi- 
tions quite dissimilar to those obtaining when H re- 
acts with water under physiological conditions. 

There are, however, many data which indicate that 
sulfonium salts are formed when H is hydrolyzed 
with moderate quantities of water at room tempera- 
ture.*:?3.25,26,52,54h For example, when H was shaken 
with 50 volumes of water for 24 hours at 20 C, the 
resulting clear solution was toxic and contained only 
about 78 per cent of the theoretical amount of HCl 
to be expected on complete hydrolysis of H.* On 
heating the neutralized solution at 100 C for 2 hours, 
however, the remainder of the theoretically possible 
HCl was liberated, and the toxicity was destroyed.*”’ 
As will be shown later, the sulfonium salts formed 
during the hydrolysis of H decompose on heating at 
100 C in aqueous solution, with the formation of 
1 equiv of acid for each sulfonium group. Hence, the 
amount of acid produced on heating an hydrolysate 
at 100 C is an index of the extent of sulfonium salt 
formation. On this basis, about 22 per cent of the 
chlorine of the original H is found as sulfonium chlo- 
ride after hydrolysis of H with 50 volumes of water 
at room temperature.‘ If the ratio of water to H is in- 
creased to 200 volumes, the extent of sulfonium salt 
formation drops to about 16 per cent; if 1,000 vol- 
umes of water are used, the extent of sulfonium salt 
formation falls to about 5 per cent.‘ 

Support for Figure 2 has also been derived by iso- 
lation of many of the intermediates listed and a study 
of their properties. Thus, CH (XIV) has been iso- 
lated from partially hydrolyzed aqueous solutions 
of H.?%.544 Unchanged H was removed by extraction 
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with cyclohexane, purified kerosene, or petroleum 
ether, and the aqueous solution of CH and sulfonium 
salts was then extracted with chloroform to remove 
the CH. The CH may be recovered by removal of the 
chloroform in vacuo. CH has been synthesized by re- 
action of thionyl chloride with TG under carefully 
controlled conditions,?™ and from vinyl chloride and 
monothioglycol.?* In the isolated form CH is quite 
unstable at room temperature, spontaneously under- 
going partial polymerization on standing in alcoholic 
solution or in the absence of solvent. The product 
formed under these conditions has been stated to be 
the di-CH sulfonium salt, XLX.°44¢ 
t CHCHOH 
CH.CH.S 


a 
S CH;CH;CI 
CH;CH;OH 


(XIX) 


When frozen and stored at dry ice temperatures, 
however, CH is stable.?* In isopropyl ether or chloro- 
form solution CH also is stable. Acetone, on the 
other hand, appears to promote polymerization.*d.h 

In dilute aqueous solution, freshly prepared CH 
hydrolyzes to TG and HCl at a unimolecular rate 
which is 40—50 per cent faster than that observed for 
H.2%.544, Samples of CH which have been aged and 
have undergone polymerization, however, show an 
initially more rapid reaction followed by the normal 
hydrolytic reaction, followed in turn by a very much 
slower reaction.*4¢"" This sequence of events is inter- 
preted to indicate conversion during aging of some 
CH to give XIX, which hydrolyzes rapidly to XVII, 
the latter in turn decomposing slowly to TG. More- 
over, on hydrolysis of pure CH (0.11M) in aqueous 
solution, the liberation of H+ is slower than the liber- 
ation of Cl-, indicating the presence in the hydrolysis 
mixture of considerable quantities of sulfonium chlo- 
rides.'4 The sulfonium chlorides might contain an 
ethylenesulfonium ring, asin XV, or they might be of 
the type represented by XVII. Differentiation of 
these two types of sulfonium compounds can be made 
on the basis of the thiosulfate reaction. Compounds 
such as XV should react quantitatively with thio- 
sulfate in 10 minutes, whereas sulfonium salts of the 
type XVII should not react measurably with thio- 
sulfate in this time interval. If XV were present in 
the hydrolysate, therefore, the 10-minute thiosulfate 
titer of an hydrolysate at any given time should be 
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greater than the amount of carbon-bound chlorine 
G.e., unchanged CH) remaining in the solution. 
Actually it was found to be slightly less, indicating 
that the thiosulfate consumption was all attributable 
to unchanged CH and that XV did not accumulate 
in the hydrolysate to a measurable extent.'* The 
sulfonium compound present in hydrolysates of CH 
is almost certainly X VII, which is formed by reaction 
of CH with TG. It has been shown that reaction be- 
tween CH and TG can occur in aqueous solution. 
Moreover, when CH hydrolyzes in the presence of 
TG, H* formation is markedly repressed, whereas Cl7 
liberation proceeds in accordance with the kinetics 
of competition (see Chapter 20). 

The sulfonium salts XVI, XVII, and XVIII have 
been subject to much study.4:14:16,45,54h,64 Compound 
XVI has not been isolated from hydrolysates of H, 
but its existence as a precursor of XVIII can scarcely 
be doubted. In the first place, it is hardly conceivable 
that 2 molecules of TG could react simultaneously 
with 1 molecule of H. In addition, XVI has been 
synthesized by allowing equivalent molar quantities 
of H and TG to react in ethanol and has been found 
to possess the properties expected.4?:4 Thus the chlo- 
ride of XVI was an unstable oil which, on standing, 
decomposed to yield XVIII and to regenerate some 
H.*° The picrylsulfonate of XVI was isolated in 
crystalline form, however, and proved to be quite 
stable.5 In aqueous methyl Cellosolve, the picrylsul- 
fonate of XVI decomposes in two stages with the 
overall liberation of 1 equiv of chloride ion and nearly 
2 equiv of acid. The first stage, in which | equiv of 
chloride and 1 equiv of acid are liberated, has a half- 
life time of about 3 hours; whereas the second stage, 
in Which the second equivalent of acid is liberated, 
has a half-life time of about 2 days.'® At the end of 
the first-stage reaction, the picrylsulfonate of X VII 
was isolated from the reaction mixture, thus support- 
ing the reaction sequence from XVI to XVII as given 
in Figure 2.15.45 

It was also found that in aqueous solution the 
pierylsulfonate of XVI reacted with TG to yield 
X VIII, as would be predicted from Figure 2.!5 It was 
of some interest to note that XVI picrylsulfonate 
reacted readily with aqueous thiosulfate.* The re- 
action proceeded in two stages, 1 equiv of thiosulfate 
being consumed in about 6 hours, whereas only 0.6 
additional equiv of thiosulfate was consumed after 
71 hours. The first stage of the reaction undoubtedly 
involves the 8-chloroethyl group and occurs at a rate 
comparable with the liberation of Cl- in the absence 
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of thiosulfate. The second stage of the reaction is 
comparable in rate to the liberation of the second 
equivalent of acid in the absence of thiosulfate, and 
probably involves the sulfonium group of XVI. The 
ability of sulfonium compounds to decompose with 
the liberation of thiosulfate-reactive groups is dis- 
cussed below. 

The sulfonium compounds XVII and XVIII have 
both been isolated from hydrolysates of H.*1*?9 After 
hydrolysis with 50 volumes of water 26 per cent of 
the original H was recovered as the picrylsulfonate of 
XVII, and 16 per cent as the dichloride of X VIII. 
The total amount of sulfonium compounds isolated 
represents about 50 per cent of the amount of sul- 
fonium ion estimated to be present in the hydroly- 
sate.^ Compound XVIII was also synthesized in good 
yield by shaking H at room temperature with an 
aqueous solution of TG.* The reaction proceeds more 
readily in water than in nonaqueous or partially 
aqueous solutions. With respect to the chemical 
properties of X VIII, this compound was found to be 
30 per cent decomposed with the liberation of acid 
upon standing in dilute aqueous solution for 3 
weeks. It is readily decomposed when heated in 
dilute aqueous solution.‘ ??:§ At pH 8.9 or 9.9 at 3 C, 
the salt liberates no acid in 24 hours, whereas in 
0.03 N NaOH 25 per cent of the theoretical acid is 
liberated in this period of time.* When incubated in 
aqueous bicarbonate at 37 C and pH 7.6, a slow liber- 
ation of acid occurs (1 equiv in 90 hours).!*-* If thio- 
sulfate is also present in the reaction mixture, a re- 
action occurs which consumes thiosulfate.° The 
speed of this reaction is only slightly greater than the 
liberation of acid from XVIII in the absence of thio- 
sulfate. In the presence of cysteine, XVIII reacts at 
37 C to form the bzs-S-cysteinyl derivative of H 
GNA INS | 

NH: 


| 
CH,CH.SCH.CHCOOH 
L 
S 
CH;CH;SCH;CHCOOH 


NH» 
(XX) 


The other product of the reaction is probably TG, 
although it has not been isolated. The formation of 
XX, coupled with the observations reported above, 
make it appear that the sulfonium groups of X VIII 
possess, to a lesser degree, some of the reactive al- 
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kylating properties associated with the 8-chloroethyl 
groups of H.!5 The same considerations also hold for 
the sulfonium groups of XVI and XVII. As will be 
shown in Chapter 22, all of these sulfonium salts, 
particularly XVI, possess a noteworthy toxicity. It 
appears probable that this toxicity may be a reflec- 
tion of the ability of these salts to decompose under 
physiological conditions with the formation of re- 
active, toxic products. Whether or not sulfonium 
salts of the types given in Figure 2 are actually 
formed from H 2n vivo is still undecided. It remains 
possible, therefore, that some of the physiological 
effects of H are a consequence of the properties of 
these sulfonium compounds. 


19.3.2 Reactions of 6-Chloroethyl Groups 
with Compounds of Biochemical Interest 


Until the work described in this section had been 
performed, the chemical basis for the remarkable 
physiological activity of H remained obscure. H was 
recognized to be a general cell poison, but the manner 
in which it might exert its toxic effects was not appre- 
ciated. Among the many theories ?* proposed to ac- 
count for the toxicity of H, two may be mentioned. 
According to one theory, the HCl generated within 
cells by hydrolysis of H was responsible for its vesi- 
cant action. A second theory postulated the oxida- 
tion of H 7n vivo to the sulfone,**:: the sulfone being 
considered as the vesicant agent. The first theory 
was finally abandoned when it was found that the 
amounts of H required to produce toxic effects are 
so small that the HCl produced on hydrolysis would 
be insufficient to cause appreciable changes in pH. 
The second theory is no longer looked upon with 
favor for several reasons. In the first place, it has 
been calculated that the potential required to oxidize 
H to the sulfone is greater than that to be anticipated 
in normal cells. In the second place, it has been 
found that animals rendered hypersensitive to H are 
not hypersensitive to the sulfone.*#' Finally, the sul- 
fone theory has been discarded because it no longer 
is required to explain the facts. Early workers had 
not appreciated the great chemical reactivity of the 
B-chloroethyl groups of H under physiological con- 
ditions of solvent, pH, and temperature. Prior to 
World War II only a few reactions involving the 
B-chloroethyl groups of H had been reported. These 
reactions, with amines, ®§.7! and with alkali sul- 
fides ** and cyanides,* had been studied for the most 
part in nonaqueous solvents, and under drastic con- 
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ditions of pH and temperature. In the earlier work, 
therefore, H sulfone appeared to be a more reactive 
substance than did H. 

It has now been demonstrated that H is capable of 
reacting with a wide variety of functional groups.?:9e 
The reactions have been shown to involve replace- 
ment of the chlorine atoms of H ; that is, to be alkyla- 
tion reactions. As a result of kinetic investigations 
(see Chapter 20) the following facts relative to the 
alkylation reactions of H have been established: 
(1) The rate of the reaction of H with various sub- 
stances (anions) is, like the hydrolysis rate, unimolec- 
ular. (2) The rate of reaction of H is a constant de- 
pendent upon solvent and temperature, and inde- 
pendent of the substance with which H is reacting. 
(3) The rate of the reaction is markedly slowed by 
nonpolar solvents. In order to interpret these facts 
it has been postulated that H reacts in two steps.” °#¢ 
In the first step one of its 8-chloroethyl groups be- 
comes activated. This activation process is measur- 
ably slow and occurs only in the presence of water 
or other polar solvents. It has variously been ascribed 
to carbonium 5* or ethylenesulfonium ??5 ion forma- 
tion. The second step is immeasurably rapid and re- 
sults in the reaction product. The first step, therefore, 
is the rate-determining one. However, various com- 
pounds differ in their affinities for the activated H 
molecule. Thus, in very dilute aqueous solutions 
hydrolysis to thiodiglycol (TG) occurs almost ex- 
clusively. If other substances are present in solution, 
however, they may compete with hydroxyl ions for 
the activated H molecule. The extent of the success 
of a substance in competing with water for activated 
H depends upon the relative availability of the elec- 
trons of the competing substance.” 4° The relative 
affinities of various substances in competing with 
water for activated H have been termed “compe- 
tition factors." *** A list of the competition factors 
for a number of substances 1s given in Table 5. 

As a consequence of the mechanism outlined above, 
several conclusions become apparent. Since the rate 
of reaction of H 1s fixed, for given conditions, the rate 
constant for the disappearance of H is independent 
of the nature of the substance with which it is re- 
acting.?:5** ''hus, not one of the substances listed in 
Table 5 causes mustard to react more rapidly than 
it is hydrolyzed by water. The degrees of reaction 
with different reagents, therefore, are in proportion 
to the products of their concentrations and their 
competition factors.?4° In mixtures, therefore, other 
things being equal, groups of high competition factor 
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will in effect react first. Since there is no evidence to 
indicate that H reacts n vivo by any mechanism 
other than the one outlined above, it appears that 
in vivo reaction of H occurs in the aqueous phase by 
substitution of the chlorine atom.?:>4 

According to one hypothesis, the ease with which 
a given anion (not necessarily an acid) can react with 
H is a function of the electron availability of the 
anion in question.” The greater the electron avail- 
ability, the more readily should the anion react and 
the higher should be the competition factor. The 
evidence supporting this hypothesis has been docu- 
mented in detail,” and need not be given here. Suffice 
it to say that with the aid of this theory it is possible 
to give a rational explanation of the competition 
factor data given in Table 5, and to predict roughly 
the competition factors of anions. Among the facts 
elucidated by the hypothesis are the notably high 
competition factors of sulfur compounds in general, 
such as thiophosphates, thiophosphonates, thioacids, 
thiophenols, and thiols. The data given in Table 5 
for carboxylic acids finds rational interpretation in 
terms of the influence of other functional groups in 
the molecule upon the electron availability of the 
carboxyl groups. Similar analyses have been carried 
out for phenols, enols, amines, and inorganic ions 
such as phosphate.? 

From the biochemical point of view, the groups 
listed in Table 5 which are of most interest are the 
sulfhydryl group, as in cysteine or glutathione; the 
pyrophosphate and phosphate ions; the organic 
phosphate compounds such as adenylie acid or 
glycerophosphate; the nitrogen atoms of pyridine 
itself,^!5.55 and hence presumably of nicotinamide and 
pyridoxine; carboxyl groups as in citrate, oxalate, 
fumarate, acetate, and pyruvate; the imidazole 
group of histidine; the sulfide sulfur of TG and 
methionine; and the amino groups of amino acids, 
peptides, purines and pyrimidines. These various 
reactions will be considered in more detail. 

Of all the naturally occurring compounds listed in 
Table 5, those containing sulfhydryl groups have the 
highest competition factors. Notable in this respect 
is ergothionine which, though not presently known 
to be widely distributed, has been found in nature. 
It will be noted that cysteine ethyl ester has a higher 
competition factor than cysteine. It has been ob- 
served,? moreover, that glutathione is less reactive 
than cysteine. The compound formed from H and 
2 equiv of cysteine has been isolated 2? and found to 
have the structure XX given on page 399. Products 


of the reaction in boiling alcohol of H with the sodium 
salts of thiophenol and alkyl mercaptans have been 
prepared and found to have the general structure 
(RSCHs;CHs)SS, where R may be an alkyl or a 
phenyl group.?5 The stability of compounds of this 
type (of which the cysteine product is one) should be 
relatively great. In general, cleavage of a —C—-S—-C- 
linkage requires drastic conditions. It has been found, 
however, that the linkage is more labile in certain 
derivatives of H- sulfone (or divinyl sulfone). For ex- 
ample, bzs(cysteinylethyl) sulfone, after treatment 
with silver or mercury salts at mildly alkaline pH 
values, gave a positive nitroprusside test for sulf- 
hydryl groups. This finding would indicate that 
cleavage of the —C—S—C-linkage had occurred 
(see also page 409). With bzs(cysteinylethyl) sulfide, 
however, a similar reaction does not seem to occur 
with so great ease.>!-*:! It remains true, therefore, 
that so far as we know now, the products of the re- 
action of H with sulfhydryl compounds are stable 
under conditions of pH and temperature compatible 
with cell life. 

Except for the data given in Table 5, the reaction 
of H with organic or inorganic phosphates has not 
been studied in great detail. The reaction of H with 
inorganic phosphate has been investigated,?7> and 
the phosphate ester of thiodiglycol has been synthe- 
sized.5 The high competition factors of phosphates, 
however, coupled with their wide distribution and 
important functions in the animal organism, render 
these reactions of great biochemical interest. 

The reaction of H with pyridine and its derivatives 
has been studied somewhat more extensively.*:!>-® 
Thus, it has been demonstrated that H reacts with 
nicotinic acid and its amide to form pyridinium com- 
pounds.^ The product of the reaction of H with 
pyridine has been isolated as the dichloride ĉ8 and 
as the dipicrylsulfonate and found to be the bzs(pyri- 
dinium) compound.!555 'his substance, in contrast 
to the analogous sulfone derivative, was found to be 
stable in aqueous solution at pH 7.5 and 25 C.'5 No 
acid was liberated, and the substance did not react 
with thiosulfate or the sulfhydryl group of cysteine. 
Attempts to prepare the methyl sulfonium salt by 
reaction of bzs(8-pyridiniumethyl) sulfide with 
methyl iodide were unsuccessful." | 

Evidence has been secured (see Chapter 21) that 
both zn vivo and n vitro H reacts with the carboxyl 
groups of proteins. For this reason the reaction of H 
with simple carboxylic acids to form esters of TG 
has been the subject of considerable study. It has 
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TaBLE 5. Competition factors* of various substances for H. 
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Substance Competition factor Reference Substance Competition factor Reference 
Dithiophosphate ion 130,000 54c p-Toluenethiophosphonate ion 510 54b 
Ethane dithiophosphonate 2-Mercapto thiazole 500 54¢ 

ion 120,000 54b,c Thioglycolic acid 450 2 
Hexane dithiophosphonate Thiohydracrylic acid 410 2 

ion 120,000 54b 8-Mercaptoethanol 400 2 
Methane dithiophosphonate Methylamine 390 (pH13) 11 

ion 105,000 54b,c n-Butanethiosulfonate ion 390 2 
Butyl dithiophosphate ion 74,000 54b,c p- loluenethiosulfonate ion 380 2 
Ethyl dithiophosphate ion 63,000 54b,c Butyl mercaptan 300 2 
o-Aminothiophenol 50,000 54b,c Ethyl mercaptan 280 2 
Thioformate ion 50,000 47 Methionine 260 11 
Pentaethylenedithiocarba- Veronal 260 (pH9.9) 11 

mate 44,000 47 Veronal 4.5 (pH 1.3) 11 
Dimethyldithiocarbamate 40,300 48 Dimethylamine 255 (pH13) 11 
Ethane monothiophosphate Cystine 240 (pH]13) 11 

ion 39,000 (21,900) 54b,c (48) Tryptophane 210 (pH13) 11 
Monothiophosphate ion 38,000 (12,500) — 54e (48) Pyrophosphate ion 160 54c 
Butane monothiophosphate Thiourea 150 54b,c 

ion 36,000 54b,c Lysine 147 (pH 13) 11 
Diethanol dithiocarbamate 34,000 (20,000) 54c (48) Desoxycholate ion 110 54c 
Diethyl dithiocarbamate 33,000 54a,b,e Imidazole 110 11 
Methane monothiophospho- Bicarbonate ion 83 54¢ 

nate ion 30,000 54b Citrate ion 83 2 
Methylphenyldithiocarba- Adenylate ion 75 54c 

mate 28,900 48 Phosphate ion 75 54c 
Thiosulfate ion 27,000 2, 54a,C Phenol 75 (pH18) HM 
Chloroethyl-S-dithiophos- Tricarballylic acid 73 2 

phonoethyl sulfide 26,000 54c Histidine 4l (pH 33) i 
Methylethanoldithiocarba- Histidine 67 (pH?) Die 

mate 22,600 48 Adenosine 56 54c 
Morpholinodithiocarbamate | 22,200 48 Glycerophosphate ion 54 54c 
Ethyl xanthate 20,000 54a,b,c Pyridine 54 54c 
Octyl xanthate 10,500 54c Citraconate ion 49 2 
Ethyl monothiocarbonateion 9,100 54b,c Fumarate ion 44 2, 504a,C 
Hydroxyl ion 8,000 54¢ Oxalate ion 44 2, 54a,¢ 
Choline xanthate 7,800 54b,c Maleate ion 43 2 
Diethane dithiophosphonate Arginine 42 (PHD ma 

ion 6,700 54c Cyclohexane-1,1-diacetate ion 35 2 
Dithioacetate ion 5,200 54a,c Malonate ion 32 2 
Dithiovalerate ion 5,100 54c bis(ß-Hydroxyethyl) sulfide 
Dimethane dithiophospho- (thiodiglycol) 30 2 

nate ion 4,900 54c Succinate ion 28 2 
Thioglucose 3,200 54b p-Toluenesulfinate ion 25 2 
Diethyl dithiophosphonate Itaconate ion 22.4 2 

ion 2,600 (5,700) 54b (47) Chloride ion 21 23, 54a,¢e 
Cysteine ethyl ester 1,700 54b,c Adipate ion 20.6 2 
Sulfite ion 1,500 2 Glutarate ion 20.4 2 
Thioglycolic ester 1,350 54a,b,c Muconate ion 19.2 2 
Ergothionine 1,220 21, 48 Leucylglycylglycine 19 54c 
Mercaptomalonic ester 1,050 54c Ascorbate ion 19 54c 
Cysteine 1,050 54a,c Alanylalanine 18 54c 
Hydrosulfide ion 1,050 54c Tartrate ion 16.4 2 
t-Butyl trithiocarbonate ion 1,050 54c Tyrosine 16.0 54a,C 
Mercaptopyruvate ion 1,000 54b,c Malate ion 16.0 2 
Ethylene mercaptan 880 54a,b,e p-Aminobenzene sulfinic acid 15.0 2 e 
Dimercaptotoluene 780 54a,¢ Benzamidine 14 54c 
2,3-Dimercaptopropanol 780 54¢ Mucate ion 12.1 2 
Aniline 760 11 Acetylalanine 10.5 54c 
Hexamethylene tetramine 740 8 Hydracrylate ion 10.3 2 
Thiomalic ester 700 54c Glutamate ion 8.6 2 
Thiocyanate ion 670 2, 54c Levulinate ion 8.5 2 
Iodide ion 660 54b,c Acetate ion 8.5 2,11, 54a,¢e 


* An attempt has been made to render this table complete. The literature is so scattered, however, that omissions doubtless have been made. 
A complete list of competition factors determined prior to December 1942, has been compiled,5! and has been of great service in assembling this table. 
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TABLE 5 (Continued) 

Substance Competition factor ^ Reference Substance Competition factor Reference 
Methylamine hydrochloride SOCP eR Ethyl citrate ion 2 54a 
Sulfate ion 7.3 2, 54c Propiolate ion 1.8 2 
Triethylamine 6.7 54a,¢ Glycine 1.6 2, 54a 
Crotonate ion 6.1 2 Acetamide 125 Lr 
p-Nitrobenzoate ion 4.3 2 Sodium formaldehyde sulf- 

Tyrosine (amino group) 4.0 54a oxylate 1.4 2 
Pyruvate ion 3.4 2 Picrate ion 1.2 2 
Monochloroacetate ion 3.0 2 Lactate ion El 2 
Formate ion 3.0 2 Nitrate ion 0.2 Z 
Alanine (carboxyl group) 2 54a Glucose 0 2 
Alanine (amino group) 2 54a p-Toluenesulfonate 0m 2 
Diacetone alcohol 2 54a n-Butyl sulfonate 0 2 
Acetomalonate ion 2 54a n-Butyl thiosulfate 0 2 


been found in the case of acetate that H reacts only 
with the carboxylate anion, so that at low pH values 
ester formation is negligible.” At physiological pH, 
however, all the acids which have been investigated 
will be present largely as the dissociated salt, so that 
in vivo reactions of H with carboxyl groups is a likely 
theoretical possibility.” 4 

The electron-donating strength of a group R is an 
important factor in determining the dissociation con- 
stant of a carboxylic acid, RCOOH.? The stronger is 
the electron-donating strength, the greater will be 
the tendency of the anion, RCOO-, to form a cova- 
lent bond with hydrogen, and the weaker will be the 
acid. The dissociation constants of organic acids are, 
therefore, useful guides in assessing competition fac- 
tors.? However, no exact parallelism exists because of 
the influence of other factors which do not affect dis- 
sociation constants and competition factors to the 
same extent.” This fact is brought out by the data in 
Table 6 ? in which the competition factors and disso- 
ciation constants are included for comparison. It may 
be noted by a comparison of the data for lactic and 
pyruvic acids with those for hydracrylic and levulinic 
acids that the competition factors are influenced by 
the distance from the carboxylate ion of a group 
responsible for decreasing the electron-donating 
strength of the anion.2 A comparatively powerful 
substituent group is the free carboxylate ion, which 
operates in determining the second dissociation con- 
stant (K5) of a dibasic acid.? The figures in Table 6 
on adipic, glutaric, succinic, malonic, and oxalic 
acids indicate the rise in competition factor as the 
carboxyl groups come nearer together. The conju- 
gated system present in maleic, fumaric, and citra- 
conic acids is an efficient mechanism for transmitting 
the effect of one carboxyl to the other.” These acid 


residues would be expected to have competition 
factors equal among themselves and equal to oxalic 
acid. As may be noted in the table, this is found to 
be the case. Among the hydroxy dibasic acids, the 


TABLE 6. Competition factors and dissociation constants 
of carboxylic acids.’ 


Competition Dissociation 
Acid factor constant 

K X 10! 
Acetic 8.5 0.17 
Crotonic 6.1 0.22 
Lactic ]2l 1.40 
Formie 3.0 2.94 
Chloroacetie 3.0 18.1 
Aminoacetic (glycine) 1.6 45.0 
Pyruvic 3.4 56.0 
Hydracrylic 10.3 0.3 
Levulinic 8.5 0.2 

K, X 109 
Adipic 10.8 3.87 
Glutaric 10.2 3.80 
Succinic 13.8 9.99 
Malonic 16.0 2.03 
Oxalic 21.8 49.0 
Maleic 21.5 0.26 
Fumaric 21.8 22.0 
Citraconic 24.3 0.39 
Itaconic 11.4 UA 
Malic 8.0 (5 
d-Tartaric 8.2 45.0 
Mucic 6.1 
Muconic 9.6 


same qualitative agreement exists between the ex- 
pected electron-attracting effect of the substituent 
group and the value of the competition factor, but 
there is no correlation between A; and the competi- 
tion factor. The relatively high competition factors 
of citric (83) and tricarballylic (73) acids may be ex- 
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plained by the proximity of the carboxylate and 
hydroxycarboxylate anions to a given carboxyl, thus 
increasing the electron-donating strength of the 
latter.” 

The following esters of thiodiglycol (TG) have 
been prepared: the diformate,® dipropionate,” di- 
butyrate,” divalerate,” dicaprate,® di-p-nitrobenzo- 
ate,” diacetate,?:4.5?.55 dihippurate,* and disalicylate.* 
All but the last three of the substances listed were 
prepared under various drastic conditions so that 
their isolation is of little significance to the present 
discussion. The last three compounds were prepared 
by reacting H with an aqueous solution of the sodium 
salts of the acids. Under similar conditions the forma- 
tion of esters was noted from H and the sodium salts 
of citric, succinic, and stearic acids, although the re- 
action products were not isolated. Thiodiglycol 
esters of acetyldehydrophenylalanine and acetylde- 
hydrophenylalanyldehydrophenylalanine have also 
been prepared.* 

Certain facts relative to the stability of thiodigly- 
col diacetate have been noted.* At 100 C in neutral 
aqueous solution the compound is not saponified in 
2 hours, but in 0.05N NaOH at 4 C, saponification 
is complete within 1 hour. At pH 8.9 and 3 C, no 
saponification was noted in 24 hours, whereas if the 
pH was raised to 9.9 or 12.5, saponification in 24 
hours was 5 per cent and 100 per cent complete, re- 
spectively.* 

The ease with which H can react with the sulfide 
sulfur of compounds such as TG or methionine may 
be judged by the competition factors of these sub- 
stances (see Table 5). The reactions of H with TG 
have already been discussed. With methionine, H 
gives a sulfonium salt of the structure X XI.* 


CH; CH 


| | 
ROI BRCACHACRUCHEBOOOR 
cu + 


NH2 NH: 


(XXI) 


This compound has been isolated as its tetraazo- 
benzenesulfonate. On heating in aqueous solution the 
sulfonium salt decomposes with the liberation of 
acid.* The products of the decomposition are methi- 
onine, which is regenerated in large amounts, and 
y-hydroxy-a-aminobutyric acid and bis(methylthio- 
ethyl) sulfide, both of which are obtained in rela- 
tively low yield.* The formation of the latter two 
compounds serves, however, to establish the struc- 
ture of the original sulfonium salt as that given 
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above. Reaction of H with carbobenzoxymethio- 
nineamide has also been noted.* 

The ability of H to react with amines has been long 
known. As far back as 1912 the reactions of H with 
aniline and benzylamine were studied and the prod- 
ucts of the reactions identified. Subsequently the 
investigations were widened to include numerous 
compounds bearing amino groups. With the primary 
amines in hot alcoholic solutions, thiazans (i.e., thio- 
morpholines) of the general type 


CHCH: 


CH,CH, 


were obtained, in which R may be an alkyl radical 
(methyl, ethyl, propyl, butyl, amyl, etc.) or a phenyl 
or benzyl group.?$:155555.7 With secondary amines 
under the same conditions, substances of the struc- 


ture 
CH:CH;N R; 


CH;CH;NR» 


have been obtained, where R is an alkyl group.*5 
With piperidine and pyridine the bis(piperidinium) 
or pyridinium ethyl sulfides were isolated.*:** In 
the reaction of H with glycine ethyl ester in hot 
alcoholic solution, three different compounds have 
been obtained. These are sulfido-bis(6-ethylamino- 
ethyl acetate),9  1,4-thiazan-4-acetie acid,9.9" and 
8-hydroxyethylsulfido-8-ethylaminoacetie acid.5 

Under milder experimental conditions which are of 
greater physiological interest, the reaction of H. with 
n-propylamine and diethylamine led to à mixture of 
products.? With triethanolamine, the bzs(triethanol- 
ammonium) derivative was isolated.* By following 
the disappearance of amino nitrogen in the Van 
Slyke apparatus, it has been demonstrated that H 
reacts with the amino groups of amino acids and 
peptides in aqueous solution at pH 8 and room 
temperature. H also reacts with the amino groups of 
brain cephalins.?? It should be pointed out that under 
physiological conditions (pH. 7.35) most amines are 
too highly dissociated to be present to a large extent 
as the free base. There are, therefore, limitations on 
the probability of H reacting with amino groups 
in vivo.? 

There is much indirect evidence to indicate that H 
may react with the imidazole group of histidine. The 





CHEMICAL REACTIONS OF bis(8-CHLOROETHYL) SULFIDE (H) 


405 





high competition factor of histidine as compared to 
other amino acids is one indication. Additional evi- 
dence is provided by the decrease in color given by 
histidine in the Pauly diazo reaction (test for unsub- 
stituted imidazole) after treatment with H.!7 The 
reactions of histidine and imidazole with B-chloro- 
ethyl butyl and benzyl sulfides has been studied and 
the products isolated (see page 413).!7 

Among the groups occurring naturally with which 
H does not appear to react under physiological con- 
ditions of pH are the indole nitrogen of trypto- 
phane,?./755 the guanido group of arginine,'/? and 
the phenolic hydroxyl] of tyrosine. Reaction with the 
phenolate ion, both of tyrosine!” and of various 
phenols 55 has been noted, but at pH 7.35 the phenol 
group is largely undissociated.? 

From the foregoing it can. be. seen that H, under 
physiological conditions of solvent, pH, and temper- 
ature, is capable of reacting with a wide variety of 
naturally occurring functional groups. The list of 
such groups in the case of H is qualitatively indis- 
tinguishable from that already presented on page 396 
for the nitrogen mustards. Minor quantitative vari- 
ations may be noted, however. Thus, at pH 7.35 the 
nitrogen mustards appear to react more readily with 
amino groups than does H. On the other hand, H 
appears to react more readily with carboxyl groups 
and with sulfides than do the nitrogen mustards. In 
this respect HN3 resembles H, however, more closely 
than it does HN1 or HN2. 

As was noted for the nitrogen mustards, deriva- 
tives of H which might be formed in vivo are all 
stable compounds under conditions compatible with 
cell life. Direct evidence in support of this statement 
has been obtained whenever the stability of an H 
derivative has been investigated. In the case of those 
derivatives not specifically studied, stability may be 
inferred by analogy with other substances of similar 
structure. 

There has been one hypothetical type of H deriva- 
tive, however, concerning the stability of which there 
has been much speculation. As a working hypothesis 
it was suggested by Rydon #4 that H combines 
with proteins to form (2H protein) compounds of 
the following types, where Pr denotes protein: 


te et (epee 

ru is 
PrCH,;CH;SCH;CH;Pr HOCH;CH;SCH;CH;Pr 

+ + 


Model experiments presented to support this hy- 
pothesis were also intended to show that the systemic 
effects of H “are due to its carriage in the body as the 
compound (2H protein) which releases H to react 
with sensitive body constituents, so producing the 
manifold toxic effects.” * Subsequently it was noted 
that model compounds did not decompose in this 
manner.’ Thus, on treatment of phenol with 
methyl 8-chloroethyl sulfide (methyl-H), compound 
XXII is obtained which is stable to boiling strong 
alkali. On reaction with another alkylating agent, 
namely methyl iodide, the sulfonium salt XXIII re- 
sults, which is unstable at alkaline pH values above 9. 


CH; 


Neh 
CH;SCH;CH;OCLH; SCH.CH.0C,H; 


CH; 
(XXII) (XXIII) 
A similar compound was obtained from phenol and 
butyl 8-chloroethyl sulfide (butyl-H). On distilla- 
tion with 2N NaOH, XXIII yielded phenol (85 per 
cent), XXII (9 per cent), dimethylsulfide (39 per 
cent), acetylene, and a small amount of methyl 
iodide. The butyl-H derivative decomposed simi- 
larly. 

The Rydon theory has been appraised in this coun- 
try, and the following conclusions drawn: Since in 
the decomposition of XXIII only small amounts of 
methyl iodide and large amounts of phenol are 
formed, the major part of XXIII does not decom- 
pose according to Rydon's scheme, 


2H protein —> H protein + H, 


but decomposes in a different manner to yield prod- 
ucts which do not possess alkylating properties. The 
above-described products of the decomposition of 
XXIII were isolated after distillation with 2N alkali, 
1.e., under experimental conditions known to decom- 
pose sulfonium bases with the formation of dialkyl 
sulfides and unsaturated hydrocarbons. This decom- 
position is fundamentally different from the one 
originally proposed by Rydon for 2H proteins. It 
was concluded, furthermore, that the experimental 
evidence for the existence of 2H protein compounds 
in vivo or in vitro is lacking, and that these hypotheti- 
cal compounds do not explain the observed physio- 
logical behavior of H better than do the known chem- 
ical characteristics of H itself. 
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CHEMICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS 





Reactions of 8-Chloroethyl 
8-Hydroxyethyl Sulfide (CH) 


The fact already discussed (page 398), that CH 1s 
an intermediate in the hydrolysis of H, made the ex- 
amination of its alkvlating properties of some inter- 
est. In all eases in which they have been examined, 
the reactions of the 8-chloroethyl group of CH are 
similar to those of H.142?s.554.^ Tt has been established 
that CH reacts with anions by replacement of the 
chlorine atom to yield compounds of the general 
structure HOCHs;CH;SCH;CH;R. The kineties of 
the reaction are similar to those of H; i.e., CH reacts 
according to the competition factor mechanism.**4 
Moreover, as may be seen from Table 7, the compe- 
tition factors of various substances for CH do not 
differ widely from those determined for H. 


19.3.3 


TABLE 7. Competition factors of various substances for 
H and for CH.5#4 


Competition factors 


Substance 
Monothiophosphate 3.8 X 10* 4.2 X 10! 
Thiosulfate 2.4 X 104 2.7 X 104 
Cysteine La X I 0.9 x 10? 
Thiocyanate 6.7 X 10° 7.8 X 10? 
Chloride 2.1 X 10! 2.4 X 10! 
Acetate 10 5.2 


It has been shown that CH reacts with the amino 
group of amino acids and peptides,'* with the sulfur 
of TG 4545 and methionine, with the imidazole 
group of histidine,'* with the pyridine nitrogen of 
pyridine and nicotinamide, and with the carboxyl 
groups of sodium acetate 44 and sodium hippu- 
rate. Monoacetylthiodiglycolhas been synthesized.” 
The products of the reaction of CH with cysteine and 
with valine have been prepared .??* In the former case, 
reaction involved the sulfhydryl group, whereas with 
valine, alkvlation of the amino group occurred. The 
isolation of a CH glycine compound was mentioned 
on page 404. 


Chemical Reactions of Sulfonium 


Salts Related to H 


In Section 19.3.1 it was shown that, on hydrolysis 
with moderate quantities of water, H gives rise to 
several different sulfonium salts. The interesting 
chemical and toxicological properties of these sulfo- 
nium derivatives prompted an investigation of the 
properties of other sulfonium compounds of this 


type. 


19.3.4 


I f 


s —À 


Compound XXIV, tris(8-chloroethyl)sulfonium 
chloride, was prepared by treatment of the corre- 
sponding hydroxyethyl derivative with thionyl 
chloride. 

CI 


b 
S 


CICH;CH; 


TC PM 
CICH;CH; — CH;CH;CI 
(XXIV) 


Compound X XIV and its transformation product, 
bis(8-chloroethyl)vinyl sulfonium chloride appear to 
be the only compounds known in which the sulfur of 
H 1s alkylated. In fact, there are several reports in 
the literature which attest to the resistance to al- 
kylation of the sulfur of 8-chloroethyl sulfides.7 $5.74 

When dissolved in water, XXIV liberates 3 equiv 
of HCl to form the trivinylsulfonium ion XXV, 
which has been isolated from the reaction mixture 
as a picrylsulfonate. 1 


CH.—CH 
b 


CH=CH 
(XXV) 


The HCl elimination is stepwise, the intermediate 
bis(8-chloroethyl)vinyl sulfonium compound having 
also been isolated. The rate of the HCl elimination 
is very sensitive to pH, being increased as the pH is 
raised. At pH 3.0 for example, the half-life time for 
the liberation of 2 equiv of HCl is about 25 minutes, 
and the third equivalent of HCl is not liberated. At 
pH 9, on the other hand, 3 equiv of HCl are pro- 
duced in 10 minutes. Moreover, at pH 7.5, the rate 
of HCl formation is markedly dependent upon the 
nature and concentration of other substances in so- 
lution. Thus, an equivalent of borate or bicarbonate 
depresses the rate of HCl liberation almost 100-fold, 
whereas acetate and sulfate depress the rate slightly. 
This effect appears to be related to the extent of the 
dissociation of the salts in question at pH 7.5." 

It may be noted that XXIV reacts readily with 
thiosulfate, as does the trivinyl derivative XX V.*° 
Compound XXIV also reacts with cysteine and with 
pyridine.'® In the former case, 3 equiv of sulfhydryl 
groups disappear, but bis(cysteinylethyl) sulfide is 
formed. With 2 equiv of cysteine the sulfide is not 
obtained. Similarly, in the case of pyridine, b7s(6-pyr- 
idiniumethyl) sulfide is formed. It would appear, 
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therefore, that substitution of the 3 chlorine atoms CH;CH, 
of XXIV by cysteine or pyridine leads to the forma- q SCH—CH, + C;H.N + H,0 == 
tion of an unstable sulfonium salt which decomposes P 
to yield the sulfide. However, when treated with VENAE on 
alcoholic NaOH, XXIV yields tris(g-ethoxyethyl)- ael t 
sulfonium chloride.!5 Te f | CH,CH, 
B8-Chloroethyl-1,4-dithiane ^ sulfonium chloride P ie Ts 
(XXVI) was prepared by chlorination of the corre- S SCH;CH;NC;H; 4 OH- (1) 
sponding hydroxyethyl compound with thionyl arene 
chloride.!5 XIX 


CHCH, GE CH:CH3 
Td ECT: E DL 
S a 
CHCH: CH;CH; 
(XXVI) (XXVII) 


The behavior of XXVI in aqueous solution is in 
many respects similar to that of XXIV.*° Thus, 
XXVI liberates HCl to form the vinyl compound 
XXVII which has been isolated as its picrylsul- 
fonate. As was noted in the case of XXIV, the elimi- 
nation of HCl from X XVI is sensitive to pH and is 
depressed by the presence of bicarbonate." 

Both XXVI and XXVII react with thiosulfate to 
form the inner salt XXVIII: 


CHCH: 
Zo Sas 
S SC H;CH5S,0 3 


CHCH: 


(XXVIII) ; 
Evidence has been obtained which proves that the 
first step in this and all other alkylating reactions of 
XXVI is elimination of HCl to form the vinyl com- 
pound XXVII." At pH 7.5 the reaction of XXVII 
with thiosulfate proceeds to completion. At higher 
pH’s, however, the reaction stops short of comple- 
tion. Moreover, when the reaction product XXVIII 
is kept at alkaline pH values (8-9), it decom- 
poses with the liberation of groups titratable with 
iodine.'® 

The 8-chloroethyl Mr vinyl sulfonium salts X XVI 
and XXVII both react readily with pyridine to form 
the 8-pyridinium ethyl-1,4-dithiane sulfonium salt 
XXIX, which has been obtained as the dichloride 
and the dipicrylsulfonate.!® As may be seen in equa- 
tion (1), the reaction is a reversible one. Proof for the 
reversibility of the reaction rests upon the following 
facts: 16 





The forward reaction does not go to completion at 
pH 7.4, but rapidly attains an equilibrium condition. 
A study of the decomposition of the pyridinium 
compound XXIX revealed that the equilibrium at- 
tained by the forward and the reverse reactions was 
the same. Moreover, it can be seen that XXIX, in 
the course of its decomposition, should give rise to a 
vinyl group, and hence should act as an alkylating 
agent. Indeed, it was found that XXIX consumes 
thiosulfate and reacts with the amino group of 
alanine. In the reaction with thiosulfate, the inner 
salt XXVIII is formed. It should be noted that the 
behavior of these sulfonium salts is in many respects 
similar to that of sulfones (see page 412). 

A third sulfonium salt of some interest, 8,S’-endo- 
ethylene-1,4-dithiane disulfonium dichloride (XXX) 
was formed by the reaction of TG with concentrated 
HCl at 100 C.16 


(imate H.C Hs (IS 


LÁ 0 Nt 
S—CH.CH.—S 


CHCH: 
(XXX) 


The compound was obtained as a double salt with 
zinc chloride and as a dipicrylsulfonate. Upon treat- 
ment with silver carbonate XXX is transformed into 
the vinyl compound (XX VIT).'® 

On the basis of the chemical data reviewed in this 
and a preceding section of this chapter, a correlation 
has been made between the chemical reactivity and 
the toxicity of a group of sulfonium salts.!* It has 
been concluded that the more innocuous sulfonium 
salts all possess a relatively stable sulfonium sulfur 
atom, and do not possess any reactive alkylating side 
chains. The more toxic sulfonium salts, on the other 
hand, each contain either a reactive side chain, or 
a relatively unstable sulfonium sulfur atom, or 
both. 
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CHEMICAL REACTIONS OF H 
SULFONE, DIVINYL SULFONE, H 
SULFOXIDE AND DIVINYL SULFOXIDE 


19.4 


The chemistry of the oxidation products of H has 
been studied very extensively. The interest in H 
sulfoxide and H sulfone, and their transformation 
produets divinyl sulfoxide and divinyl sulfone, has 
been manifest for the most part in an endeavor to 
shed some light on the validity of the “‘sulfone the- 
ory.’ It will be recalled that, according to this the- 
ory, H must be oxidized in the skin to the sulfone, 
the latter being the vesicant agent. The sulfone the- 
ory was discussed previously (Section 19.3.2) and the 
reasons for its rejection were pointed out. Never- 
theless, H sulfone (and the related compounds which 
are the subject of this section) has continued to re- 
ceive much attention because of its vesicancy, tox- 
icity, and close chemical relationship to H. 

H sulfoxide is formed on oxidation of H with a 
variety of oxidizing agents,” such as HO» or nitric 
acid. Divinyl sulfoxide may be obtained in excellent 
yield by heating H sulfoxide with aqueous sodium 
carbonate for 1 hour.*! H sulfone may be prepared, 
either from H or H sulfoxide, by oxidation with 
agents such as permanganate, chromic acid, or per- 
acids. The conversion of H sulfone to divinyl sulfone 
may be accomplished with ease in a variety of 
ways.15:26.50,53,59,70,73,75 On treatment of H ‘sulfone 
with triethylamine in dry benzene, 2 moles of HCl 
are eliminated and divinyl sulfone is formed.?? A 
similar reaction occurs when an aqueous solution of 
H sulfone is heated with calcium carbonate,’ or 
when H sulfone is kept at room temperature in bi- 
carbonate-buffered solution.!5.25.53 

The ease with which H sulfone eliminates HCI to 
form divinyl sulfone, coupled with the great chemical 
reactivity of the latter, has led to the now widely 
accepted view that H sulfone is relatively unreactive 
and must be transformed into divinyl! sulfone prior 
to undergoing reaction.!®6491!53 Support for this 
contention derives from several considerations. To 
begin with, in every case where comparable data are 
available, H sulfone and divinyl sulfone yield the 
same reaction product with a given substance.*®? Even 
with proteins, it has been found that treatment with 
H sulfone and divinyl sulfone yields immunologically 
similar products. The firmest support for the con- 
cept that H sulfone is transformed into divinyl 
sulfone prior to undergoing chemical reaction is de- 
rived from studies on reaction rates. It has been 
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found that divinyl sulfone reacts with amino groups, 
thiosulfate, etc., more rapidly than does H sulfone,!5.5 
and furthermore, that a bicarbonate-aged solution 
of H sulfone reacts with amino groups more rapidly 
than does a fresh solution of the sulfone.? The rate 
of the reactions of H sulfone with glycine or thio- 
sulfate in aqueous solution is no greater than the 
rate of the elimination of HCl from the sulfone in the 
absence of these reactants. In the case of thio- 
sulfate, considerable amounts of HCl are formed in 
the early stages of the reaction before any disap- 
pearance of thiosulfate has taken place. 


19.4.1 Reactions of H Sulfone, Divinyl 
Sulfone, and H Sulfoxide with Water 


H sulfone appears to be very stable in pure water.”® 
Even on standing for many days, the pH of the solu- 
tion is not very low, and silver nitrate gives a nega- 
tive or faint positive test for Cl-.*° If the pH of an 
aqueous solution is raised, equivalent amounts of 
H* and Cl- are liberated and divinyl sulfone is 
formed.'.76.53 The elimination of HCl is catalyzed 
by OH-, and depressed greatly in the presence of 
bicarbonate. In water at pH 7.5-7.8 and 25C, 
1.06 equiv of HCI are formed within 3 minutes. In 
the presence of 1 equiv of NaHCO;, only about 
0.37 equiv of HCl is liberated within 30 minutes.” 
It has been noted that the elimination of HCl from 
H sulfone is slower in Ringer solution containing 
phosphate than in bicarbonate.®? B-Chloroethylvinyl 
sulfone (prepared from H sulfone by treatment with 
1 equiv of triethylamine in dry benzene) liberated 
HCl in Ringer phosphate more slowly than did 
H sulfone.*? 

Divinyl sulfone appears to be relatively stable in 
aqueous solution. Since, as will be shown later, 
divinyl sulfone reacts readily with thiosulfate, the 
disappearance of reactive vinyl groups on aging the 
sulfone in aqueous bicarbonate (pH 8.4) was followed 
by determining the decrease in thiosulfate titer.” 
By this means, a disappearance of about 60 per cent 
of the divinyl sulfone in 94 hours was noted.!® Addi- 
tion of water to divinyl sulfone is reported to yield 
thioxane sulfone, presumably through thiodiglycol 
sulfone.?5 

In marked contrast to H sulfone, H sulfoxide liber- 
ates HCl only very slowly at physiological pH val- 
ues.,15.26,50 ''he rate of HCl production is increased as 
the pH is raised, and is depressed in the presence of 
bicarbonate. When heated with aqueous NaOH, 
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H sulfoxide gives rise to thioxane sulfoxide. The 
tendency for ring closure to occur is much less with 
the sulfoxide than with the sulfone, so that on heat- 
ing with aqueous NasCO;, divinyl sulfoxide is 
formed.?! 


19.4.2 Reactions of H Sulfone, Divinyl 
Sulfone, H Sulfoxide, and Divinyl 
Sulfoxide with Sulfhydryl Groups 


It has been known for many years that H sulfone 
reacts readily with sulfhydryl compounds in general. 
With sodium thiophenates and mercaptides (1.e., the 
sulfhydryl compounds in alcoholic NaOH) at 100 C, 
compounds of the general structure 


O 


| 
RSCH;CH,SCH;CH;SR 


| 
O 


are formed.5?:68 Analogous reactions occur with so- 
dium phenates and alcoholates.5?585 Divinyl sulfone 
under similar conditions reacts in the same manner 
to form the same products. 

Both H sulfone and divinyl sulfone react readily 
with thiosulfate in aqueous solution at pH 7.5 to 
form the same Bunte salt.^ In the initial stages of 
the reaction of H sulfone, HCl accumulates in the 
solution more rapidly than thiosulfate disappears, 
indicating the transformation of H sulfone to divinyl 
sulfone.” The reaction of H sulfone is markedly in- 
hibited by bicarbonate, whereas the reaction of 
divinyl sulfone is not, a clear indication that bicar- 
bonate decreases the rate at which vinyl groups are 
formed but does not alter the reactivity of the vinyl 
groups once they are present. The Bunte salt formed 
in the reaction with thiosulfate is unstable in alkaline 
solution. When kept at pH 8.7 for 24—48 hours, there 
is a liberation of groups (thiosulfate) which consume 
lodine.!5 

It has been found that the reaction of divinyl 
sulfone with sulfhydryl groups is very sensitive to 
slight changes in pH.55? For example, the reactions 
with thiophenol to form bzs(phenylthioethyl) sulfone 
is catalyzed by nitrogenous bases or bicarbonate.!5.59 
In aqueous solution the rate of the reaction of divinyl 
sulfone with the sulfhydryl groups of cysteine or 
B-mereaptoethanol increases rapidly as the pH 
rises.’ With cysteine, bis(cysteinylethyl) sulfone is 
formed./^59? 'This compound is so insoluble that it 
separates almost quantitatively from solution, and 
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hence the reaction with cysteine has been suggested 
as a quantitative tool for the determination and 
characterization of divinyl sulfone.®® It should be 
noted that, on treatment of bzs(cysteinylethyl) sul- 
fone with silver or mercury salts at moderately 
alkaline pH values, the sulfhydryl groups of cysteine 
are regenerated, as is divinyl sulfone.*4!-*! With 
B-mercaptoethanol, divinyl sulfone yields bzs{ 6-(6- 
hydroxyethylthio)ethyl |sulfone. In contrast to the 
Bunte salt of divinyl sulfone, this product does not 
liberate reducing substances at pH.8.5." 

The reaction of H sulfoxide with sulfhydryl groups 
has not been studied extensively. With sodium thio- 
phenates in alcohol, products of the structure 


O 
| 
RSCH;CH;SCH;CH;SR 


are formed.*® With sodium phenates, condensation 
does not take place.*® It has been found that divinyl 
sulfoxide reacts with sulfhydryl groups to yield com- 
pounds of the same general structure.!:*! In all cases 
the reactions appear to be more sluggish than are the 
corresponding reactions of divinyl sulfone. The re- 
action of the sulfoxide with thiophenol, which was 
first reported not to occur,?? requires the presence of 
catalytic quantities of a base.*! Reactions with o- 
thiobenzoic acid and cysteine have also been ob- 
served.*! The rates of the reactions of divinyl sulf- 
oxide with thiosulfate, cysteine, and jf-mercapto- 
ethanol in aqueous solution have been studied.’ As 
was found to be the case with the sulfone, the rates 
are markedly sensitive to pH, increasing as the pH 
rises. The reactions of the sulfoxide, however, are 
much slower than are those of the sulfone." 


19.4.3 Reactions of H Sulfone, Divinyl 
Sulfone, H Sulfoxide, and Divinyl 


Sulfoxide with Nitrogenous Bases 


The reactions of H sulfone and divinyl sulfone 
with numerous nitrogenous bases have been studied 
extensively and under a variety of conditions. The 
early work revealed that, with primary and second- 
ary amines, cyclic thiazan and thiazanium dioxide 


derivatives are usually obtained,9?:58.7* such as: 
CH;CH» CHCH: 


ms ET 


OS NR O.S NR» 


CH;CH; 
_ (Thiazan dioxide) 


CH3CH» 


(Thiazanium dioxide) 
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With tertiary amines, on the other hand, disubsti- 
tuted quaternary derivatives result.” 
O 


+ | + 
R;NCH,CH,SCH,CH:NR; 
| 
O 


The investigations which established these general 
rules are in the open literature. For the most part 
the reactions involved substances (primary and 
secondary aliphatic and aromatic amines) of little 
physiological interest, and were performed under 
drastic experimental conditions, the base and the 
sulfone being heated in aqueous or alcoholic alkali. 
However, with one exception, the general rules thus 
elucidated have been fully confirmed by the more 
recent work. It has been found that aniline gives 
both the open chain and cyclic products.*® Prior to 
World War II it had also been established *? that 
the sulfones reacted with phenylhydrazine to yield 


CHCH: 


CsH;NHN SO» 


CHCH: 


and that no reaction occurred with acid chlorides, 
ammonia, hydrazine, phthalimide, benzaldehyde, or 
formic acid.5? 

There were also indications in the open literature 
that the sulfones reacted with the amino groups of 
amino acids. With glycine ester in alcoholic NagCOs, 
ethyl-1,4-thiazan-4-acetate-1-dioxide, or 1,4-thiazan- 
4-acetic acid-l-dioxide had been obtained.5?59? On 
heating glycine or phenylalanine in aqueous Na5CO;, 
1,4-thiazan-4-acetic acid-l-dioxide and the corre- 
sponding phenylpropionic acid derivative resulted.” 
More recently, however, it was shown that both H 
sulfone and divinyl sulfone reacted rapidly and com- 
pletely at 30-37 C with the amino groups of amino 
acids in aqueous bicarbonate solution.? The prod- 
uets of the reaction with glycine, alanine, phenylala- 
nine, and tyrosine were prepared and found to be 
substituted thiazan dioxides.? Identieal products 
were obtained from H sulfone and diviny] sulfone.*? 
Moreover, the same derivatives resulted no matter 
which of the three methods of preparation outlined 
above were employed. Rate studies indicated that 
divinyl sulfone combined with the amino groups of 
amino acids more rapidly than did H sulfone.*? In 
the case of the latter, the combination with amino 
groups did not proceed faster in the presence of 
amino acids than did the elimination of HCl in the 


absence of amino acids." With proline, the betaine 
(XXXI) was obtained.!5.5 

CHCH, CH:—CH: 
ii E 


* 
CH3CH» 


O25 


CH —CH, 


| 
CO0— 


(XXXI) 
Reaction of divinyl sulfone with the following com- 
pounds has also been noted: *?9" anthranilie acid, 
N-methylanthranilic acid, creatine, piperidine, gly- 
cylglycine, N-methylsulfanilic acid, and taurine. No 
reaction between divinyl sulfone and the following 
compounds took place: °° glucosamine or its hydro- 
chloride, maleic anhydride, N,N-dimethylanthranilic 
acid, methyl-N,N-dimethylanthranilate-HCl, and 
N,N-dimethylsulfanilic acid. 

The reaction of. divinyl sulfone with certain ter- 
tiary bases has been studied in some detail. With 
pyridine, bzs(8-pyridiniumethyl) sulfone dichloride 
is formed.;? In water at pH 7.5, the reaction to 
form the pyridinium derivative proceeds rapidly, 
but does not reach completion, an equilibrium con- 
dition being attained. The reverse reaction, the de- 
composition of the pyridinium derivative was also 
investigated and found to reach the same equilibrium 
value, thus proving the reversibility of the reaction 
[equation (2) ].!5 


CH=CH, 
0.8 + 2C;H;N + 2H,0 == 
CH=CH, 
Jl 
CH;CH;NC;H; 
O28 + 20H- (2) 
i 
CH;CH;NC;H;s 


The pyridinium derivative was synthesized by re- 
acting a mixture of pyridine and pyridine hydro- 
chloride with divinyl sulfone in alcoholic solution at 
room temperature. It was found; as was to be an- 
ticipated from equation (2), that the position of the 
equilibrium is determined by the pH of the solution. 
High pH values favor the reverse reaction, whereas 
lower pH values favor the forward reactions.” From 
equation (2) it may be predicted that in aqueous so- 
lution b7zs(6-pyridiniumethyl) sulfone should give 
rise to reactive vinyl groups. As was expected, re- 
action with the sulfhydryl group of cysteine, the 
amino group of alanine, and with thiosulfate was 
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noted. With cysteine, bzs(cysteinylethyl) sulfone 
was formed.” For purposes of comparison it may be 
noted that bzs(8-pyridiniumethyl) sulfide is stable 
under these conditions, no reaction with cysteine 
oceurring in 48 hours. 

An equilibrium reaction analogous to that ob- 
served with pyridine was also found to occur be- 
tween divinyl sulfone and nicotinic acid or nicotin- 
amide. With the latter two compounds, however, the 
equilibrium was further toward the left [equation 
(2) | than was found to be the case with pyridine.” 

Attempts have been made to prepare the products 
of the reaction of divinyl sulfone with the following 
bases: © ethyl-bzs(6-chloroethyl)amine, methyl-bzs(6- 
chloroethyl)amine, £ris(8-chloroethyl)amine, ethyl- 
diethanolamine, methyldiethanolamine, diethanola- 
mine, quinoline, nicotine, brucine, and strychnine. 
The experimental conditions employed were the 
same as those employed in the synthesis of the pyri- 
dine derivative. With the 8-chloroethylamines, ethyl- 
diethanolamine, methyldiethanolamine, quinoline, 
and nicotine, reaction products were not obtained.” 
With brucine, a derivative of the structure XXXII 
was obtained, and strychnine yielded XX XIII." 


Cl- Cl- 
- + 
CHC HN C23H 2601 CH,CH5;N C; H;5O; 
i 
025 O25 
ib 
CH.CHaNC, ;H5$04 CH=GC H, 
— 
CI- 
(X XX II) (XXXIII) 


Both of these compounds consume thiosulfate when 
kept in aqueous solution.? In the case of XX XII the 
consumption of thiosulfate must be attributed to 
decomposition of the compound with the liberation 
of alkylating groups. Compound XXXIII, however, 
still retains one vinyl group which might react with 
thiosulfate. 

Divinyl sulfone reacts with diethanolamine hydro- 
chloride in alcohol to yield bzs(8-hydroxyethyl)-1,4- 
thiazanium dioxide chloride.” This substance slowly 
liberates alkylating groups when kept in aqueous 
solution at pH 7.5 in the presence of cysteine or thio- 
sulfate. With cysteine the dicysteinyl derivative of 
divinyl sulfone is formed. When treated with thionyl 
chloride, the hydroxyethyl compound is chlorinated 
to yield either XXXIV or the isomeric XXXYV.¥ 
There is some evidence to indicate that XXXV 
exists in aqueous solution. Compound XXXV is 
both a monosubstituted derivative of divinyl sulfone 


and a nitrogen mustard, and, therefore, exhibits 
some of the properties of both classes of compounds.!* 


Cis 
CHCH» CH;CHsCI 
o NA 
O.S N 
CHCH, CHCH,;Cl1 
(XXXIV) 
Gia 
CHCH» CHCH,;C1 
2 NEU 
OS NH 
CHSC H, 
(XXXV) 


CH.CH.Cl 


In aqueous solution the 8-chloroethyl groups hy- 
drolyze with the intermediate formation of ethyleni- 
monium rings.^ Even after hydrolysis of the chloro- 
ethyl group, however, the substance reacts with 
cysteine, indicating the presence of a reactive vinyl 
eroup. The chlorinated product reacts readily with 
thiosulfate, consuming 3 equiv in 24 hours.” 

The fact that divinyl] sulfone reacts with proline to 
give the betaine XX XI has been mentioned before. 
It has been noted that this substance is unstable at 
pH 7.4.15 It consumes thiosulfate and reacts with the 
sulfhydryl group of cysteine to form the dicysteinyl 
derivative of divinyl sulfone. 

The reaction between H sulfoxide and nitrogenous 
bases has not been studied in great detail. In alco- 
holic sodium carbonate solution, primary aliphatic 
amines (methyl, ethyl, butyl, benzylamine, etc.) 
yield the substituted thiazan oxides.” 


CH;CH» 
va P 
RN SO 
CH;CH» 


Secondary alkyl amines, on the other hand form 
open chain compounds of the general structure:" 


O 


| 
R;NCH;CH;SCH;CHoNR; 


With a tertiary amine, trimethylamine, bis(trimethyl- 
ammoniumethyl) sulfoxide dichloride, results.” 
Divinyl sulfoxide, like divinyl sulfone, reacts with 
pyridine in aqueous solution, although the rate and 
extent of the reaction is much less than was that of 
the sulfone. As was observed with the sulfone, the 
reaction of the sulfoxide with pyridine appears to be 
a reversible one, the position of the equilibrium being 
determined by the pH of the medium. With methyl- 
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amine divinyl sulfoxide yields N-methylthiazan 
oxide.?! 


19.4.4 
The information summarized in this and the previ- 
ous Section (19.3) indicates a striking similarity in 
behavior between 6-substituted sulfones and 6-sub- 
stituted sulfonium salts.!* These similarities may be 
summarized as follows: '® The 6-chloroethyl sulfones 
and sulfonium salts lose HCl by elimination with the 
formation of reactive vinyl groups. The elimination 
reaction in each case is similarly influenced by 
changes in pH and by the presence of salts (bicar- 
bonate). The sulfonium salts and H sulfone appear 
to react readily with a number of substances to form 
B-substituted derivatives. In each case, however, 
chemical reaction is preceded by the elimination of 
HCl and the formation of reactive vinyl groups. 
There is, in addition, a striking similarity in the be- 
havior of the vinyl sulfonium and vinyl sulfone 
groups thus formed. Both groups react readily with 
pyridine in aqueous solution at pH 7.5 to form 
8-pyridinium derivatives. In both cases the reaction 
is reversible, and the speed of attainment of equi- 
librium, as well as the position of the equilibrium, 1s 
similarly influenced by pH. Furthermore, the pyri- 
dinium derivatives in both cases are unstable, and 
decompose with the formation of reactive alkylating 
groups which combine readily with sulfhydryl groups, 
amino groups, etc. Vinyl sulfonium and vinyl sulfone 
groups react similarly with thiosulfate. In both cases 
the rate of reaction increases with rising pH and is 
unaffected by bicarbonate. At pH 8.5-9.5, however, 
both thiosulfate derivatives decompose with the 
liberation of substances titratable with iodine. 

Finally, it has been noted that acetic acid is elim- 
inated from diacetylthiodiglycol methylsulfonium 
picrylsulfonate and also from diacetylthiodiglycol 
sulfone by treatment with aqueous bicarbonate, and 
that, in both cases, the resulting products consume 
thiosulfate.?? 

For the general problem of vesication, it 1s of some 
interest that derivatives of divinyl sulfone and H 
sulfone are far more unstable than are similar deriva- 
tives of H. It is also of interest that some of the sul- 
fone compounds decompose to yield reactive alkylat- 
ing groups. It seems not unlikely, therefore, that 
in vivo the products of the reaction of divinyl sulfone 
with cellular constituents would undergo a similar 
decomposition.!® Should such a decomposition occur, 
it wotld become possible for 1 molecule of sulfone to 
react in succession with several functional groups in 
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a cell until it finally either reacted with some tissue 
component with which it formed a stable compound 
or was removed by the circulation. 


19.5 CHEMICAL REACTIONS OF ALKYL 
AND ARYL 6B-CHLOROETHYL SULFIDES 


In the course of the work on vesicants, the chem- 
istry of several substances of the general formula 
RSCH;CH,Cl (R = alkyl, phenyl, or benzyl group) 
has been investigated. Interest in these so-called one- 
handed mustards has been stimulated by two con- 
siderations. In the first place, the chemistry of these 
substances has been investigated in order to ascer- 
tain, if possible, whether their poor vesicant power 
relative to H is associated with differences in chemical 
reactivity.^* In the second place, studies on one- 
handed vesicants were undertaken in the belief that 
they would lead to chemistry of greater simplicity 
and equal significance to that which could be de- 
rived from a study of H itself." 

It has been found that the one-handed vesicants 
hydrolyze at a unimolecular rate as was observed 
for H.5 The absolute value of the hydrolysis rate is 
different for each compound and depends upon the 
nature of the R group. Thus, the hydrolysis rates in 
descending order are: ethyl 6-chloroethyl sulfide 
(ethyl-H), propyl 6-chloroethyl sulfide (propyl-H), 
H, phenyl 8-chloroethyl sulfide (phenyl-H ).5** 

It has been found that the substances listed above 
behave like H in reactions involving the $-chloro- 
ethyl group, substitution of the chlorine occurring 
by a unimolecular process according to the compe- 
tition factor principle.” Moreover, the competition 
factors for ethyl-H, propyl-H, phenyl-H, and H are 
the same for a given ion, e.g., acetate, chloride, 
thiocyanate, thiosulfate, and monothiophosphate. 
Since the competition factors refer to hydrolysis 
rates in water as a reference, the relative rates of re- 
action of the four vesicants listed with all of the 
above anions is the same compared to their rates of 
reaction with water. The absolute reaction rates with 
anions varies with the vesicant in the same order as 
the hydrolysis rates with water given above, Le., 
ethyl-H > propyl-H > H > phenyl-H.** The inter- 
mediate position of the highly vesicant H in this 
list of otherwise relatively poor vesicants, indicates 
that there is as yet no satisfactory chemical basis to 
explain the considerable differences in physiological 
potency which exist between H and the one-handed 
vesicants (see Chapters 5 and 23). 

The reactions of butyl 8-chloroethyl sulfide (butyl- 
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H) and benzyl 8-chloroethyl sulfide (benzyl-H) with 
amino acids have been studied in some detail." With 
cysteine in alkaline solution benzyl-H yields S-ben- 
zylthioethyleysteine, whereas with the monoamuino, 
monocarboxylic amino acids reaction occurs on 
the amino group with the formation of mono- or 
disubstituted benzyl-H derivatives of the general 
formulas 17 
C;H;CH;SCH;CH;NHR 


(C;SH;CH;SCH3CH 5)N R. 


Monosubstituted derivatives have been obtained 
with alanine, valine, isoleucine, and phenylalanine.!? 
Disubstituted derivatives have been obtained with 
tryptophane, although the indole nitrogen does not 
appear to react." A mixture of mono- and disubsti- 
tuted derivatives resulted from the reaction of ben- 
zyl-H with glycine, leucine, and tyrosine." In the 
case of tyrosine, reaction occurs at both the amino 
and the phenolic hydroxyl group. It has been noted 
that the monosubstituted derivatives are stable to 
boiling in an HCl-formie acid mixture of the type 
sometimes employed to hydrolyze proteins." 'lThe 
disubstituted tyrosine and tryptophane derivatives 
are stable in alkali on prolonged standing at room 
temperature or on short heating to 100 C."" 
Butyl-H gives the same types of derivatives with 
the monoamino acids as does benzyl-H. With lysine, 
the e-butylthioethyl derivative has been obtained by 
heating the copper salt of lysine with butyl-H in 
alkaline solution. The reaction of butyl-H with the 
imidazole group has been studied in some detail." 
With imidazole and 6 moles of vesicant, disubstitu- 
tion occurs with the formation of a quaternary salt. 
A monosubstituted derivative of imidazole has also 
been obtained. With histidine in the presence of ex- 
cess butyl-H, a trisubstitution product containing 
one quaternary nitrogen atom is formed." Appar- 
ently two butyl-H residues have reacted with the 
imidazole group and one with the o-amino group, 
since benzoylhistidine yields a disubstitution prod- 
uct. With glycyltryptophane there is evidence to in- 


or 
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dicate that butyl-H combines with the carboxyl 
group to form an ester.!? | 


19.6 CHEMICAL REACTIONS OF 1,2-bis- 
(8-CHLOROETHYLTHIO)ETHANE (Q) 
AND. bis(8-CHLOROETHYLTHIOETHYL) 

ETHER (T) 


19.6.1 Transformations of 1,2-bis- 


(8-Chloroethylthio)ethane (Q) in Water 


The kinetics of the hydrolysis of Q in dilute solu- 
tion are reported in Chapter 20. Under these condi- 
tions complete hydrolysis to Q glycol occurs (Fig- 
ure 3). When the ratio of water to Q is reduced to 
50 volumes, the hydrolysis of Q is slow, due to its 
extremely low rate of dissolution, and after 2-3 days’ 
shaking, when 2 equiv of Cl- have been liberated, 
only about 80-85 per cent of the H* to be expected 
on complete hydrolysis of Q has been formed. This 
finding indicates that sulfonium salts are present in 
the hydrolysate.29 The fact that the liberation of 
H+ continues after the liberation of Cl- is complete 
makes it probable that some of the sulfonium salts 
formed during the hydrolysis of Q are unstable.” 
If aqueous bicarbonate is substituted for water, the 
hydrolysis appears to be somewhat slower, and the 
extent of sulfonium salt formation is less.” 

After hydrolysis of Q with either water or aqueous 
bicarbonate, a precipitate is present in the reaction 
mixture.” The insoluble product, obtained in 35 per 
cent yield, was shown to be a higher homolog of Q 
glycol, pentaethylenetetrasulfide-w,w'-diol (XXX1I).” 
The same compound was prepared by reaction of Q 
with 2 equiv of 6-mercaptoethanol, and the identity 
of the isolated product and the synthesized com- 
pound was established by comparison of the melting 
points of the diacetyl and dibenzoyl derivatives.” 
The formation of pentaethylenetetrasulfide-w,w’-diol 
was presumed to occur according to the reaction 
sequence given in Figure 3. According to this scheme 
the diol would be formed by hydrolytic cleavage of 
the sulfonium salt of Q chlorohydrin with Q glycol 


CH.SCH.2CH,Cl CH;SCH;CH3CI H:O CH;SCH;CH;OH 
CH;SCH;CH;CI CH;SCH;CH;OH CH;SCH;CH;OH 
Q Q chlorohydrin Q glycol 
| | 
CH;OH pP E a CH;SCH;5CH;OH 
: | ar 
CH;OH CH;SCH;CH;S <9 OH,SCH;CH,SCH,CH;0H 
CH;CH;SCH;CH;OH CI-CH;CH;SCH;CH;OH 
+HCl (XXXVI) 


FIGURE 3. Transformations of 1,2—b7s(6-chloroethylthio)ethane (Q) in water. 
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to break the carbon-sulfur bond to the 6-hydroxy- 
ethyl group. Either of the other two carbon-sulfur 
bonds to the sulfonium group might break, and there 
are several other sulfonium salts possible which could 
undergo similar cleavage. In either case higher or 
lower homologs of the diol isolated would result.?.!? 
Actually, the diol isolated melted about 6-8 C low, 
indicating contamination with other substances, 
probably homologs. Q glycol was also isolated from 
the hydrolysate in 20—25 per cent yield.” 


19.6.2 Reactions of 6-Chloroethyl Groups 
of Q with Compounds of Biochemical Interest 


The reactions of Q with a variety of functional 
groups was investigated ? in much the same manner 
as was done in the case of the nitrogen mustards. In 
aqueous bicarbonate at 25 C it was found that Q 
combines with the amino groups of numerous amino 
acids,” namely, glycine, alanine, histidine, arginine, 
lysine, glutamic acid, serine, phenylalanine, methio- 
nine, and the peptide glycylglycine. The extent of 
the reaction was increased by raising the pH. Evi- 
dence was obtained for a reaction of Q with the sul- 
fide group of methionine.” 

By the use of a competition method, employing 
glycine as a reference compound (see page 403), it 
was noted that Q combines readily with imidazole, 
the pyridine nitrogen of pyridine itself, nicotinic 
acid and nicotinamide, the imino nitrogen of proline, 
the carboxyl group of sodium acetate and carbo- 
benzoxy glutamic acid, the phosphate group of 
NasHPO, or sodium glycerophosphate, and the 
sulfide sulfur of thiodiglycol (TG).? Q shows some- 
what less activity toward the tertiary nitrogen of 
aliphatic amines such as triethylamine or triethanol- 
amine.” Employing thiosulfate as the reference sub- 
stance, it was found that Q combines with hexa- 
methylene tetramine." 

Q reacts readily with sulfhydryl groups, as exem- 
plified by cysteine or thiosulfate." The products of 
these reactions, the dicysteinyl derivative and the 
Bunte salt of Q have been isolated.” The kinetics of 
the thiosulfate reaction have been studied, and it has 
been noted that the process, as was the case with H, 
is first order and independent of thiosulfate concen- 
tration.!? 

The product of the reaction of Q with thiodiglycol 


HOCH.CH, CH,CH;OH 
NE + 
SCH;CH;SCH;CH;SCH;CH;S 
y 
HOCH.CH, (XXXII) CH;CH;OH 
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has been isolated as a picrylsulfonate and found to 
have the structure X X XII." 

The hydrolysis of XX XII has been investigated 
in 50 per cent acetone and found to be considerably 
faster than that of the analogous compound from H 
and TG.? Compound XXXII also reacts with thio- 
sulfate, and once again the reactivity is greater than 
that of the analogous H compound.” In fact, it has 
been pointed out that the sulfonium salts of H, Q, 
and bis(8-chloroethylthioethyl) ether (T) with 2 
equiv of TG parallel in their rates of hydrolysis and 
reactivity toward thiosulfate, the reactivity of the 
parent vesicants.'®!9 Thus, for both the chloro and 
the sulfonium compounds the reactivity in descend- 
ing order is Q^ T»H.!*!? Furthermore, the vesi- 
cancy and toxicity of the chloro compounds are in 
the same order. 

As a result of these studies, it would appear that 
in vivo Q would react with the same types of func- 
tional groups as would H or the nitrogen mustards. 
Q differs from H, however, in the stability of its oxi- 
dation products. Both the sulfoxides and the disul- 
fone of Q are remarkably resistant to hydrolysis 
either in water or in aqueous bicarbonate.!? À nega- 
tive test for Cl- was obtained even after Q disulfone 
had remained for 25 days in aqueous bicarbonate 
solution.!? 


19.6.3 Transformations of bis(G-Chloro- 
ethylthioethyl) Ether (T) in Water 


The kinetics of the hydrolysis of T in dilute solu- 
tion have been investigated in some detail (see Chap- 
ter 20). In more concentrated solutions (1.e., 1 per 
cent suspensions) T is reported to yield a mixture of 
oily sulfonium salts which had a half-life time of 
hydrolysis estimated to be 3-4 days.!8 Since T and 
its hydrolysis products each contain two sulfur 
atoms, the possibilities are great for the formation of 
several different sulfonium salts. By treatment of T 
with an aqueous solution of TG, the sulfonium salt 
(XXXIII) was obtained as a Reineckate.!5 'The sub- 
stance hydrolyzed slowly, 75 per cent in 8 days, and 
consumed thiosulfate (see Section 19.6.2).!5 

HOCH;CH; CH;CH;O0H 


T» + 
SCH.CH.SCH2CH.2OCH2CH.2SC H2CH.2S 


ik 
HOCH.;CH, (XXXIID CH,CH,0H 


The reactions of the 6-chloroethyl groups of T 
with compounds of biochemical interest appear not 
to have been investigated. The reactions may be 
expected to parallel those of H and Q. 
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KINETICS OF REACTIONS OF SULFUR AND NITROGEN MUSTARDS 


By Barnett Cohen 


INTRODUCTION 


HE KINETICS of the reactions of the sulfur and 
AR nitrogen mustards, as revealed by investiga- 
tions conducted in the United States and United 
Kingdom during World War II, are summarized in 
this chapter. Although the data are reviewed here 
because of their significance to physiological mecha- 
nisms of action, it should be noted that they bear also 
upon the contamination and decontamination of 
water, food supplies, matériel, and terrain, and upon 
the stabilization of the agents in storage. 

The kinetic data may be reconciled with the fol- 
lowing two-step mechanism for the reactions of both 
the sulfur and nitrogen mustards. RZCH;CH.CI is 
taken as a model 8-chloroethyl compound in which Z 
represents the sulfur or nitrogen atom: 

Step A. The reversible thermal activation to a 
cyclic onium cation with liberation of Cl-: 


+ 


20.1 


| | 


Step B. The reaction of the cyclic onium cation 
with anions and with various uncharged nucleophilic 
molecules to form the end products of the overall 
reaction: 


a 

RZCH,CH, + X- —> RZCH.CHX (2a) 
pe. 

RZCH,CH, + HX —> RZCH.CH.X + H* (2b) 
BE 

RZCH,CH, RX — RZCH,CH,X*R (20) 


Representative examples of X- in equation (2a) are 
CI- (in which case step B is the reversal of step A), 
OH-, RCOO-, RS-, and 8.03-. Important examples 
of HX in equation (2b) are H5O and RNH;». Im- 
portant examples of RX in equation (2c) are reac- 
tions with tertiary amines (e.g., pyridine) and alkyl 
sulfides (e.g., methionine). H+ is liberated only in 
the case of the second of the three possible types of 
reaction in step B. 


a Based on information available to Division 9 of the Na- 
tional Defense Research Committee as of September 1, 1945. 
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The hydrolysis products of sulfur mustards (e.g., 
thiodiglycol) can enter reaction (2c) with the forma- 
tion of a series of sulfonium derivatives. Linear and 
cyclic quaternary ammonium derivatives can be 
formed by comparable reactions of the hydrolysis 
products of the nitrogen mustards. Moreover, the 
cyclic onium cation can react with the tertiary nitro- 
gen atom of an unchanged nitrogen mustard to form 
a series of linear and cyclic polymers containing 
B-chloroethyl groups. These latter reactions are 
quantitatively important in concentrated solutions. 

In the cases of the important nitrogen and sulfur 
mustards, which contain more than one £-chloro- 
ethyl group, the two-step reaction is repeated with 
each group. 

Step A is the rate-determining reaction of the sul- 
fur mustards. In the case of the nitrogen mustards, 
owing to the greater basicity of nitrogen relative to 
sulfur, step B is so much slower that it becomes the 
rate-controlling reaction. This is the basis for im- 
portant quantitative differences between the re- 
action kinetics of the two classes of compounds. The 
cyclic onium cations of the nitrogen mustards accu- 
mulate in solution and then disappear as a result of 
hydrolysis and other reactions; the rate of disappear- 
ance of the onium cation varies with the nature and 
concentration of X~, HX, and RX. In contrast, the 
cyclic sulfonium cation of the sulfur mustards does 
not accumulate to an appreciable extent, but the 
rate of formation of the final products is still de- 
pendent on the nature and concentration of X^, HX, 
and RX. In the case of the sulfur mustards it has not 
been possible to determine the absolute rates of indi- 
vidual reactions in step B, but the relative rates of 
the reaction of the cyclic onium ion with pairs of 
“competitors” (X-, HX, RX) can be ascertained ex- 
perimentally. In this manner a series of relative 
velocity constants or competition factors has been 
built up. In view of the important physiological roles 
attributed to thiol compounds in metabolism, it is of 
interest to note that thiol anions (e.g., thiophos- 
phonates, thiosulfate, cysteine) have uniquely high 
reaction rates with activated sulfur mustard. 

The overall reaction rate in the case of the sulfur 
mustards is independent of pH over a wide range. 
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The corresponding reactions of the nitrogen mustards 
are pH-dependent. This results from the fact that 
the nitrogen mustards are weak bases which can 
undergo the initial reaction of cyclization (step A) 
only when they are in the form of the uncharged base 
molecule. Inasmuch as reaction (2b) (including hy- 
drolysis) liberates H*, the kinetics of the nitrogen 
mustards in unbuffered solutions may become highly 
complex. 

In the detailed review which follows, the nitrogen 
mustards are considered first because the theory of 
their reaction mechanisms is based on more complete 
and direct evidence than is available for the sulfur 
compounds. 


20.2 B-CHLOROETHYLAMINES IN 


HOMOGENEOUS SOLUTION 


A tendency toward intramolecular cyclization as 
the initial reaction in a polar solvent is a character- 
istic property of primary, secondary, and tertiary 
alkylamines in which one or more alkyl groups are 
halogenated in the beta to omega position. The trans- 
formation yields halide, and a more or less stable 
heterocyclic compound. In the case of primary and 
secondary amines, the heterocycle may be either an 
imine or an imonium ion, depending upon the pH. 
Tertiary amines yield exclusively the imonium ion. 
The investigations of the past several years upon the 
tertiary 8-chloroethylamines have considerably ex- 
tended the description of the chemistry and kinetics 
of this interesting group of compounds? 5.7.971!.15 and 
in particular have demonstrated the considerable re- 
activity of the cyclic ethylenimonium ions as alkyl- 
ating agents. 

In the case of the primary halogenated alkyl- 
amines, the kinetics of the cyclization process in 
aqueous and part-aqueous solutions had been studied 
rather extensively before the war.** The forward proc- 
ess of ring formation, under proper conditions, was 
established as a strictly first-order reaction unaf- 
fected by moderate concentrations of salt, alkali, or 


the usual contaminants: 
-4 


kı | | 
XCH;(CH;),NH; — CH.2(CH2)nN He + Ac 
k—1 
| | 
CH.(CH2),ANH + Ht 


The rate of cyclization was shown to be influenced 
by the length of the side chain, by the substituents 
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thereon, and by the nature of the halogen and of the 
solvent. As indicated in the equation above, the 
process was known to be reversible, but the kinetics 
of the back reaction do not seem to have been studied 
in the early investigations, except for unsuccessful 
attempts ** to determine the equilibrium constant in 
the 8-chloroethylamine system. The failure was prob- 
ably due to interference by side reactions (polymeri- 
zations).* It is, in fact, known that dimerization and 
polymerization can take place and become quanti- 
tatively important in concentrated solutions and at 
elevated temperatures.” 

The nitrogen mustards which have been of great- 
est interest as potential chemical warfare agents dur- 
ing World War II are all tertiary amines of the gen- 
eral type (CICH2CH2)2NR where R is either an 
alkyl or a 6-chloroethyl group. Consequently the 
most detailed recent studies concern these tertiary 
amines, but primary and secondary halogenated 
alkylamines have also received some attention. 

Since for halogenated alkylamines in general the 
process of cyclization consists in a displacement of 
the alkyl halogen by the basic nitrogen atom, the 
basicity of the nitrogen atom is a factor determining 
the ease of the displacement. Moreover, cyclization 
cannot occur when a proton becomes coordinated 
with the nitrogen atom. Consequently, in the case of 
the nitrogen mustards, which are all more or less 
weak bases, the reaction rate will be a function of pH. 
in solutions of moderate and low pH. For the same 
reason, the salts of the nitrogen mustards, in the ab- 
sence of sufficient excess of strong acid, suffer some 
dissociation to the free base which will cyclize at its 
characteristic rate. This accounts for the finding that 
their hydrochlorides in water solution hydrolyze, but 
only at a very slow rate. For example, it has been 
calculated that a 0.1M solution of the hydrochloride 
of methyl-bzs(8-chloroethyl)aamine (HN2), in the 
presence of a slight excess of HCl, decomposes at a 
unimolecular rate with a half life of approximately 
3 years #Þ (dissociation of the base, cyclization, and 
subsequent hydrolysis were included in the esti- 
mate). 

In a natural water containing a dissolved nitro- 
gen mustard, or in an aged solution of a nitrogen mus- 
tard in distilled water, uncontrolled acidification 
occurs, usually as a result of the hydrolysis of the 
cyclic intermediate. The concentration of residual 
free amine is thus altered, thereby complicating the 
kinetics of the initial cyclization reaction and also of 
subsequent reactions. The result in such unbuffered 
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solutions is a complex shifting equilibrium of com- 
ponents and reactions which are extremely difficult 
to formulate. In such cases, the end products at equi- 
librium will depend more or less on the initial con- 
centration of the amine, its solubility, and the re- 
activity of each component of the system as con- 
ditioned by the progressively changing pH during 
the reaction. 

In kinetic studies the complications mentioned 
above have generally been avoided in part by meas- 
uring the reaction rate in the presence of excess 
alkali.“ Procedures 54° employing buffers to main- 
tain constant pH have the disadvantage of intro- 
ducing buffer anions which may modify the subse- 
quent reactions of the cyclic imonium ion. A theo- 
retically more satisfactory and flexible method !! 
maintains constant pH without buffers by means of 
successive micro-additions of alkali under electro- 
metric control. Under these conditions, the observed 
rate of cyclization is proportional to the degree of 
acid dissociation (a) of the ammonium ion of the 
amine, thus: 

Obs. rate constant, ki’ = ak, = ESI “Ki 
where k; is the rate constant at pH conditions under 
which the ammonium ion is fully dissociated (a = 1), 
and Ki is the apparent dissociation constant of the 
ammonium ion as an acid. 


20.2.1 General Formulation of Reactions 


The more or less systematic kinetic studies which 
are the main concern of this survey were conducted 
under three general types of experimental conditions: 
(1) in unbuffered water held at constant pH, with the 
amines at low (0.0005-0.005M) concentrations; !:?° 
(2) in bicarbonate-buffered water (pH 7.5-8.5), usu- 
ally with the amines at relatively high (0.03-0.15M) 
coneentrations; ^? and (3) in unbuffered acetone- 
water solution, with the amines at relatively high 
concentrations.?.7.10,5e ''he data establish with high 
probability that the reactions of the tertiary 8-chloro- 
ethylamines follow the general scheme outlined in the 
introduction (Section 20.1). For these compounds 
step À may be written with its velocity constants as: 


m 
ky | | 
R2zNCH:,CH2Cl == R2NCH2CH, + Cl- 


EE 


(1a) 


Under the experimental conditions the possible si- 
multaneous and successive reactions in step B are: 


|. 
| | ee 

R2NCH.,CH, + H,O —> R.NCH.CH.OH + Ht (2d) 
2 


PAT a] k 
R;NCH3;CH; 4- RE2NCHs;CHs;CI ee linear and 


cyclic dimers (2e) 
+ 
| | A 
R:-NCH:CH; + R:NCH;CH;OH —» 
-— 
R:NCH:-CH:N(R)CH:CH:OH (2f) 


In the case of amines containing two or three 8-chlo- 
roethyl groups, the reaction sequence is undergone 
by each such group in succession. 

In the following presentation, cyclization (1a), re- 
versal of cyclization (1a), hydrolysis [ (2d), a special 
case of (2b) ], dimerization [(2e), a special case of 
(2c) ], and addition of electron donors [certain re- 
actions of types (2a) and (2c), including (2f) as a 
special case | are discussed consecutively. 


20.2.2 


The observed rate of the forward reaction of the . 
nitrogen mustards and their analogs in water at con- 
stant pH has been found to conform strictly to that 
of a first-order process in dilute (up to 0.01M) solu- 
tions of the amines, and to be complicated by higher 
order reactions at higher concentrations." The aver- 
age heat of activation of this reaction in dilute solu- 
tion 1s approximately 22.5 kcal/mole for the two 
tertiary and the two secondary mono(8-chloroethyl)- 
amines examined, and 24.5 +1 kcal/mole for the 
seven tertiary 6zs(6-chloroethyl)amines (see Table 1). 

Reaction (la) can be conceived ® as proceeding 
through an intermediate carbonium ion (Ia) stage: 


E 


Si | | 
RNCH;CH;CI———R;NCH;CH; Gis —— R;NCH;CH; + (912 
(I) (Ia) (II) 


Cyclization 


The hypothetical compound, Ia, should hydrolyze 
directly through an Syl process, and titrimetric evi- 
dence tending to support this mechanism has been 
offered." However, careful electrometric measure- 
ments failed to corroborate this observation." The 
postulated carbonium ion is doubtless formed, but its 
great ease of intramolecular cyclization through the 
influence of the electron donating central nitrogen 
atom should leave practically none of the ion avail- 
able for the much slower bimolecular reaction with 
water. T 

In agreement with the evidence that the rate of 
cyclization is determined by the thermal activation 
of the uncharged amine, it was shown, in the case of 
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TABLE 1. Kinetics of initial cyclization of certain B-chloroethylamines. The compounds are arranged in the order of 
increasing stability in water at 25 C. 


Cone. = 0.005-0.15M 
Cone. — 0.0005-0.0025M in water?? in 66.7 per cent acetone 


Activation in water 1° 


energy in 25 C 37 C 25 C 
water 


Compound (keal/mole) kı kı pH = 7.4 Relative* kı 
pKa (min™!) (min!) at (1 (min) pK, (min) 
CH(CHs)2 
N—CH,CH,Cl 23.0 6.7 1.86 8.29 0.89 0.094 


CH;CH:;CI 
CH;CH;CH; 


wn 
N—CH;CHsCI 24.8 6.5 0.920 4.65 0.93 0.16 


CH;CH;CI 
(CH;);)CH; 


E 
N—CH;CH;CI 24.0 6.4 0.627 3.01 0.95 0.24 


CH;CH;CIl 
CHCH, 


aT 
N—CH;CH; 23.1 8.6 0.557 2.52 0.10 2.7 8.0 0.20 


CH;CH;CI 
CH;CH; 


A 
N—CH;CH,Cl 25.0 6.4 0.527 2.79 0.95 0.26 5.8 0.08 
CH.CH.Cl 
(HNI) 
CH;CH;CIl 
Nn 
N—CH,CH,Cl 24.7 4.2 0.31 1.56 1.0 0.44 2.5? 0.0055 
CH;CH.;CI 
(HN3) 
CH;CH;OCH; 
x 
N—CH;CH,Cl 24.6 5.3 0.22 1.09 1.0 0.64 


CH:CH:C1 
CH; 


ES 
N—CH;CH;CI 24.1 6.23 0.098 0.43 0.99 1.6 5.9 0.02 
CH;CHsCI 
(HN2) 
CH; 
p 
N—CH;CH;OH 21.9? 7.3 0.081 0.313 0.67 3.3 


A. 
CH;CH;CI 
CH;CH; 


K. 
N—CH;CH;OH 2 d pai EN un an 6.6 0.13 
CH;CH;CI 


* Relative to triethylamine, the dissociation of which was assumed to be the same in 66.7 per cent acetone-water solution as in water, Kp = 4.6 X 10~4 
pK, = 10.66). 
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TABLE 1 (Continued) 








Conc. — 0.0005-0.0025M in water?? 


Cone. — 0.005-0.15M 
in 66.7 per cent acetone 


Activation in water!’ 
m 5 25 C 37 C 25 C 
water ne 
Compound (kcal/mole) kı ky pH — 74 Relative kə 
pKa’ (min™) (min!) a tı (min) pKa (min!) 
H 
A 
N—CH3CH; 22.5? 9.3? 0.0094 0.042 0.020 825 
CH;CHs;CI 
H 
2 
N—CH; 22.5? 9.2? 0.0068 0.030 0.024 965 
"S 
CH;CH3CI 





HN2, that the rate was not influenced by a change in 
the ionic strength of the medium.!! 

The specific rates of cyclization as observed in un- 
buffered aqueous solution at constant pH 2° and in 
66.7 per cent acetone-water solution !° are summa- 
rized in Table 1. Tabulated also are the degree of dis- 
sociation (a) and the half life (¢,) of each compound 
in water under physiological conditions of pH and 
temperature (pH 7.4 and 37 C). Less precise rate 
studies * made in aqueous bicarbonate buffers at pH 
7.5-8.5 indicated substantially the same orders of 
magnitude for kı as those found in unbuffered aque- 
ous solution at constant pH. The values for kı in 
water include implicitly a factor for the back re- 
action,” but the indications are that this factor is 
negligible. Observations ** upon HN2 in 5 and 30 per 
cent ethanol-water solutions yielded for A; the value 
U0/—0.08:mmn* at 25 C, and 0.34 min-* at 38 C. 
The order of lability of the homologous tertiary 
6-chloroethylamines in water is comparable to that 
reported for bzs(8-chloroethyl) sulfide (H) and three 
of its homologs #4 (see Table 7). 

In acetone-water solution, the magnitude of kı 
was found !? to be larger in the following cases: in 
the case of a stronger base, because it is a better 
electron donor; in the case of a less hindered base; 
and in the case of an amine with more freedom of ro- 
tation which is not frozen, thus resulting in less en- 
tropy decrease on formation of the ethylenimonium 
ion. Similar general deductions may be drawn from 
the data obtained in water, although Table 1 dis- 
closes an unaccountable irregularity in the distribu- 
tion of the values of k, in acetone-water solution as 
compared with the corresponding values in aqueous 
solution. 


The effect of change in water concentration upon 
the cyclization of HN2 in unbuffered acetone-water 
solution at 25 C is summarized in Table 2.4% It may 


TABLE 2. Kinetics of cyclization of methyl-bis(8-chlo- 
roethyl)amine (HN2) in acetone-water solutions.4* 


Molar cone. Relative value Activation energy Log B* 
of water of kj at 25.C (E, in kcal/mole) (sec!) 
4 1 10 9.3 
8 10 12 5.8 
16 200 17.4 11.05 
27 480 17.9 11.73 
55.5 1,0001 24.11 14.91 


* B is the temperature-independent factor in the Arrhenius equation: 
kı = B.e-E/RT 
t Calculated from data of Table 1. 


be noted that the activation energy of HN2 in pure 
water is essentially the same as that for the removal 
of chlorine from a primary alkyl chloride, but that as 
the water concentration is diminished, the process, 
although much slower, becomes less temperature- 
dependent.4».55 


20.2.3 Reversal of Cyclization 


The formation of HN2 from the 1-methyl-1-(6- 
chloroethyl)ethylenimonium ion (IIT) 
CH» 


dee 
CH;N — CH, 


x 
CH3;CH3CI 
(III) 


in aqueous solution was studied in detail.” This 
process, the reversal of the cyclization reaction (la), 
yielded a bimolecular rate constant (k_,) which was 
strongly influenced by the ionic strength (u) of the 
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solution as defined by the following equation appli- 
cable at 37 C; —0.875 is the logarithm of the bimo- 
lecular rate constant, k°_; = 0.13, extrapolated to 


u=0, and —1.0376 is the applicable Debye- 
Hiickel constant: 
log k-, = — 0.875 —1.0376u + 0.553. 


The distinctive effect of the ionic strength upon the 
kinetics of the reaction with Cl-, as well as with 
S.0; (see Table 3), identified III uniquely as a 
singly charged positive ion.” This identification is 
in harmony with theoretical deduction from con- 
ductivity measurements,?’” and from the compo- 
sition of the isolated picrylsulfonate of III.° 

The equilibrium constant for the reversible re- 
action (1a), in the case of HN2 in water (0.005M at 
37 C), was found to be K.g = 3.68 mole/l at u — 0, 
and 6.57 at uw = 0.154 (physiological saline). The 
latter value corresponds to 97.6 per cent reaction in 
favor of III at theoretical equilibrium.?** 'The values 
of the back-reaction constants of the other 8-chloro- 
ethylamines which have been studied may be de- 
duced from the data given below [see reaction (2a) 
and Tables 3 and 4]. 

In 66.7 per cent acetone-water solution, k_; was 
also found to be sensitive to the ionic strength of the 
solution.?:1? For ethyl-bzs(8-chloroethyl)amine (HN 1) 
and HN2 at 25 C, the values of k_; were determined 
by graphical and mechanical analysis of the experi- 
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mental data and found to be 1.5 and 1.4 respectively 
(u ~ 0.1). In spite of the temperature difference, 
these values are of a higher order of magnitude than 
those found or calculated for water solution at 37 C. 
Large effects of this kind would be expected in re- 
actions between ions of different sign when the di- 
electric constant of the medium is lowered, because 
all effects due to interionic attraction would be in- 
creased. For N,N-diethyl-8-chloroethylamine in 66.7 
per cent acetone-water solution, k , is stated to be 
very low.!? 

Addition of chloride ion (as NaCl) retards the ap- 
parent rate of cyclization of HN2 in water;™ at 
pH 8.0, 30 C, and u = 0.005-0.10, the data conform 
to the following empirical linear relation in which 
— 0.652 1s the logarithm of k, extrapolated to zero 
chloride concentration: 


log ki = —0.652 — 0.99 [CI- E 


20.2.4 


Reaction of the ethylenimonium ion with water 
proceeds much more slowly than the initial cycliza- 
tion." 414.1 Through the range, pH 3.6-8.5, the rate 
of hydrolysis of III remained constant within the 
experimental error. 'The kineties of the alkaline 
hydrolysis of the ethylenimonium ion have not been 
adequately analyzed. From the practical standpoint, 
HN2 can be decontaminated by treatment with ex- 
cess aqueous alkali for 1-2 hours.?? 


Hydrolysis 


TABLE 3. Kinetics of reactions of imonium ions of nitrogen mustards with H,O, 8:0; —, and HCO;. The tabulated figures 
are the bimolecular rate constants, k,, for reaction (2d), and ke for reaction (2a). The dimensions of the constants are 


liter/mole min. 


Bimolecular rate constants in water at 37 C 
and constant pH?° 





Bimolecular rate 
constants in 66.7% 
acetone-water 
solution at 25 C!9 


Imonium ion u = 0.005 u = 0.000 uw = 0.154" y c 0.1 
Ri T 
2er d 
N—CHCH» H:O SO m HCO; HO BOs- BOO: HO 
ee pH 7.6 pH 4.0 pH 7.6 pH 3.6 pH 4.0 pH 7.6 pH uncontrolled 
Re k E 104 ko ke A. x 104 ko ke k x 104 
Ry Re 
—CH.CH.2Cl —CH.CH.Cl 31.7 13,0007 SA 2,0001 is 15. 
—CH;CH;CIl —CH;CH;OH 5.91 AE "er E de, v un 
—CH.CH,2Cl —CH(CH;) 1.39 1,350 0.139 207 0.055 tad 
—CH;CH;CIl —CH;CH;CH; 0.95 831 0.091 xx 128 0.036 ee 
—CH;CH;Cl —CH; 0.90 tae 0.079 0.63 112 0.031 0.5 
—CH;CH;Cl —CH;CH; 0.67 613 0.067 7 94 0.026 3.0 
—CH;CH;OH | —CH; 0.231 a a MR — T 


* The constants for 820577 and HCO; are subject to a small correction for change in activity between u = 0 and u = 0.154. 
t These rate constants are approximations and are probably too low. 
t Observations made at pH 9. 


G-CHLOROETHYLAMINES IN HOMOGENEOUS SOLUTION 


The relative stability of cyclic imonium ions in 
general permits the direct evaluation of their rates 
of hydrolysis under suitable conditions. Data are 
available for seven of these ions at low concentrations 
in unbuffered aqueous solution at constant pH." 
The bimolecular rate constants at 37 C are given in 
Table 3. They confirm the report ? that for the 
homologous (8-chloroethyl)ethylenimonium ions of 


the type 
-— 


| | 
R—NCH3;CH; 
CH.CH2Cl 


the hydrolysis rates in water increase in the follow- 
ing order: 
R — C.H; COPLGIHSGH: « CH(CH3); 


The activation energies for the hydrolysis in water 
of the 1-(8-chloroethyl)ethylenimonium ions of H NI, 
HN2, and isopropyl-b2s(8-chloroethyl)amine were 
20 +1 keal/mole within the temperature range of 
37-50 C. The heat of activation for the hydrolysis 
of the 1-methyl-1-(8-hydroxyethyl)ethylenimonium 
ion was found to be 27(+2) keal/mole within the 
temperature range of 25-37 C.?? 

Between pH 3.6 and 8.5 (u = 0.005), the hydroly- 
sis rate of III in water remained constant,”? indi- 
eating that very low concentrations of OH- had a 
negligible effect on the process. Change in u at low 
ionic strengths should not affect the hydrolysis rate, 
but at high ionic strengths (u = 0.1—0.5) the hy- 
drolysis rate of III was retarded 12-30 per cent and 
passed through a minimum.” 

A full description of the overall kinetics of N- 
methyl-8-chloroethyl-8-hydroxyethylamine in dilute 
aqueous solution at pH 7.6 and 37 C was obtained 
with the aid of the experimentally determined con- 
stants, pKa, kı, and k, (k-; assumed negligible).!! 
By combining these data with the corresponding 
values of pK,, ki, and k, (k-, found negligible) for 
HN2, the overall kinetics of cyclization and hydroly- 
sis of the latter compound at pH 7.6 and 37 C could 
be fully described ** as a series of four successive 
unimolecular or pseudo-unimolecular reactions. In 
this description the assumption was made that the 
two successively formed ethylenimonium ions re- 
acted to a negligible degree under the experimental 
conditions with the end product, methyldiethanol- 
amine (pK, — 8.3). This assumption was subse- 
quently verified analytically.”* 

In 66.7 per cent acetone-water solution at 25 C, 
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pH uncontrolled, the following pseudo-unimolecular 
values for ky were reported: tris(8-chloroethyl)amine 
(HN3) ~ 0:03 imuun ANITO 007A Mna ENZ 
0.001 min 1.!?3* 'T'hese values, corrected for the con- 
centration of water, are recorded in Table 3 and show 
the expected order of magnitudes, except that the 
hydrolysis rate of HN1 seems to be unexpectedly 
high.1° 


20.2.5 Dimerization 


The dimerization process (2e) in solutions contain- 
ing water can be formulated as an initial bimolecular 
addition, followed by cyclization with the elimination 


of Cl, as follows: 
a 


| | k 
R:NCH,CH;CI -- RENCH;CH,; — 
(IV) (V) 


R;NCH;CH; CH3;CH» 


pw m rapid a SS Es 
NR»: € RN NR» + Git 
CICH.CHs 


(Linear dimer) 


CH3;CH; 
(Cyclic dimer) 


Because of favorable configuration, the transforma- 
tion of the linear dimer to the cyclic dimer is a rapid 
process.’ The direct dimerization of two cyclic 
imonium ions (V) has been suggested,’ but electro- 
static considerations would appear to make it a less 
likely mechanism. However, since chloride ion is 
usually present in the system and promotes the re- 
conversion of V to IV (reversal of cyclization), it 
might appear that direct dimerization had occurred. 

In 66.7 per cent acetone-water solutions, ka at 
25 C was found to be 0.40 for HN2, 0.08 for HN1, 
and apparently very much less for HN3.?.!? Numeri- 
cal values of ka for solutions of nitrogen mustards in 
pure water are unavailable, but the relative values 
may be inferred from the data presented in ‘Tables 3 
and 4. These data are in accord with the observations 
that HN3 is much less prone to dimerize than is 
H N2. In addition, the former more readily undergoes 
substitution of one of its 8-chlorine atoms. These dif- 
ferences are ascribable to the differences between the 
strengths of the two bases, HN3 being considerably 
weaker than HN2 (see Table 1).1°? In general, the 
higher homologs of HN2 exhibit less dimerization in 
aqueous solution than HN2 itself, and as a result 
these compounds possess greater storage stability.” 
However, it has been pointed out that the extent of 
dimerization of the higher homologs in a given situ- 
ation may be limited by their solubilities * or by the 
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balance between their rates of solution and the rates 
of formation of the corresponding ethylenimonium 
ions.? It should be noted that the data of Tables 1, 
3, and 4 were obtained under conditions of concen- 
tration that made dimerization a negligible factor." 

In certain cases the kinetics of dimerization does 
not follow the normal second-order course. As an ex- 
ample, in pure liquid HN2, the dimerization rate is 
stated to be of zero order.? This result is evidently 
due to the fact that the dimer is quite insoluble in 
this medium and leaves the effective concentration 
of HN2 constant; hence the dimerization rate would 
have to be of zero order. The catalytic effects of small 
amounts of water and oxygen upon dimerization in 
liquid HN2 have been noted.? In dried solutions of 
HN2 in benzene, the dimerization rate was appar- 
ently of the first order; in absolute ethanol, also, 
HN2 was found to dimerize at a first-order rate 
(125 0.005 min^* at 25 C; £ = 15-17 keal). In 
anhydrous benzene and alcohol, the effect of low 
dielectric constant would be to make the dimerization 
process (2e) faster than the first-order cyclization 
process (1a), and the latter would therefore become 
rate-determining. Hence a first-order kinetics of 
dimerization would be observed. 

The 8-chlorine atoms of the cyclic dimers (which 
are produced as mixtures of stereoisomers) *! are not 
readily replaced in acid or neutral solution. In the 
case of the dimer of HN2, N,N’-dimethyl-N,N’-bis(6- 
chloroethyl)piperazinium dichloride, no observable 
hydrolysis occurred in aqueous solution at pH 4.0 
and 38 C. The apparent half life was 23.5 days at 
pH 8 and 4.5 days at pH 10." In the case of the dimer 
of HN1 in aqueous solution at 25 C, excess alkali in- 
duced relatively rapid elimination of the two chlorine 
atoms in two successive bimolecular reactions be- 
tween the dimer and hydroxyl ion.!? The reaction 
liberating the first chlorine atom proceeded more 
rapidly than did that liberating the second.!? 

At high temperatures (131—178 C) in sealed tubes, 
the dimer of HN2 in aqueous solutions hydrolyzed 
slowly at a pseudo-unimolecular rate described by 
the relation: 

k 1 x 10-714e-2940/E T hr-1 
It was noted that the pH fell from 5 to about 1.5 dur- 
ing the first 15 per cent of this reaction; and there 
was evidence that side reactions occurred.* 


20.2.6 Addition of Electron Donors 


The reactions of the imonium ions with electron 
donors, as exemplified by reactions of the general 
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types (2b) and (2c) and of the special type (2f), are 
of great importance for the elucidation of physiologi- 
cal mechanisms and for the design of procedures to 
neutralize toxic derivatives of nitrogen mustards 
which have gained admittance to tissues and body 
fluids. The corresponding reactions of the sulfur 
mustards are likewise of importance and are dis- 
cussed later. 

In general, the reactivity of an imonium ion, as 
measured by the velocity constants of reactions (2b), 
(2c), (2d), (2f), and the reversal of (1a), should be 
reduced by the same structural and energy factors 
that enhance the velocity of the cyclization process 
as measured by k,.!° However, certain apparent ex- 
ceptions to this inverse relation are revealed by com- 
parison of the data presented in Tables 1 and 3. 

The addition of 8303; and of HCO; to a number 
of the homologous cyclic imonium ions in water at 
37 C was studied in some detail, and the essential 
results for u — 0 and 0.154 are shown in Table 3.?? 
The thiosulfate derivative (Bunte salt) of HN2 was 
found to be stable in solution.?:! The corresponding 
dipropionie acid ester was relatively unstable (f; — 3 
hours at pH 7.4 and 37 C),”! and the carbonic acid 
ester was too unstable for isolation or confident meas- 
urement.?254 An important deduction derived from 
these data and observations on phosphates ° is that 
certain buffers can and do interact with the cyclic 
imonium ion. The relative values of ky in Table 3 for 
the reactions of the various imonium ions with 
S203 are substantially the same as those for the re- 
actions with HCO, . The same is true for the relative 
values of k,, an indication that the discriminating 
ability of these cyclic compounds is not affected by 
the differences in structure which they exhibit. This 
correspondence would be expected to hold for any 
other reactions of the imonium ions which proceed 
by the same mechanism under the same conditions. 
A comparable situation, revealed by “competition 
factors" for substances reacting with derivatives of 
sulfur mustards, is discussed later. 

The bimolecular rate constant (k2) for the reaction 
of the 1-methyl-1-(8-chloroethyl)ethylenimonium ion 
(III), derived from HN2, with other electron-donat- 
ing groups (including Cl-, for which k = k-,) were 
determined at 37 C and u = 0 and 0.154. They are 
shown in Table 4.2° As indicated above, from such 
data one may estimate the corresponding values of 
k. for the other imonium ions listed in Table 3. 

The reaction of the cyclic ethylenimonium ion with 
amines and tetramines, as exemplified by reaction 
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TABLE 4. Kinetics of reactions of 1-methyl-1-(8-chloro- 
ethyl )ethylenimonium ion (III) with electron donors at 
37 C. Original sources of data are given in the bibliog- 
raphy.?? 


Bimolecular rate constant 


Electron (k, in 1/mole min) 
donor pH p = 0 u = 0.154 

Chloride 3.6 0.133 0.064 
Propionate 7.4 0.13 0.051* 
Benzoate li 0.12 0.047* 
dl-Alanine 

carboxylate 6.0 0.1-0.2? 
Thiocyanate 8.0 Approx. 3 (30 C) 
Methyldi- 7.4 10? 

ethanolamine 8.4 i 


* Not corrected for activity at u = 0.154. 


(2f), has been shown to occur more or less readily.’ 
In the case of tertiary amines, there are indications 
that the steric configuration of the substituents modi- 
fies the accessibility of the amine nitrogen and thus 
influences its rate of reaction with the imonium ion.?$ 
This fact would have an obvious bearing on the 
kineties of the terminal reactions of the nitrogen 
mustards in water. 


-CHLOROETHYLAMINES IN 
HETEROGENEOUS SYSTEMS 


20.3 


The behavior of the 8-halogenated ethylamines in 
water suspensions of suitably activated carbons is of 
interest from the standpoints of physiological mech- 
anisms and of decontamination of water. Two pri- 
mary amines, 6-bromoethylamine and £-phenyl-f- 
chloroethylamine (CsH;-CHCl-CH.2NH:2) have been 
so studied. It was found in each case that the rate of 
cyclization of the amine in alkaline solution was 
slower, and the reverse process in acid solution was 
faster in the presence of Merck’s blood charcoal than 
in its absence.*749 This finding is in agreement with 
the general rule that the formation of adsorbable 
substances is favored at interfaces, 1.e., the shift of 
equilibrium at an interface is positive with a decrease 
in surface energy. Each of these primary amines was 
more strongly adsorbed than its more soluble ethyl- 
enimonium ion, and, in neutral solutions containing 
carbon, the equilibrium (amine = cyclic product) 
was strongly shifted toward the amine. 

The cyclization of 8-phenyl-8-chloroethylamine 
(half life of approximately 4 minutes in homogene- 
ous solution) was only 85 per cent- complete at 18 
hours in the presence of activated carbon. At 25 C, 
the rate constant in the heterogeneous system was 


1/70 of that in homogeneous solution, and at 37 C 
the corresponding ratio was 1/20.*? The fact that the 
temperature coefhicient of the cyclization was lower 
in the presence of suitable carbon than in its absence 
is direct evidence that the reaction was taking place 
at the interface. The kinetic data obtained at differ- 
ent temperatures permit the calculation of the values 
of E and B in the Arrhenius equation, kı = B.e” ET 
for the reactions in the homogeneous and hetero- 
geneous systems. These values are shown in Table 5. 


TABLE 5. Kinetics of cyclization process of B-halogenated 
amines in homogeneous solution and in heterogeneous 
Systems containing activated carbon. 


Type of activated E Log B 
Compound carbon present (kcal) | (sec) 
C;H;CHCICH;NH: None 20 12.4 
Blood ~20 RISI 
Carboraffin 13:5 6.2 
BrCH;CH;NH; None 25 14.9 
Blood 19.3 10.4 


The decrease of Æ would tend to accelerate the rate 
of cyclization, but the proportionately greater de- 
crease of 5 results in a net retardation of the reaction 
in the presence of the carbon. 

The above observations on primary amines seem 
to be corroborated generally by reports on the ad- 
sorbability of the tertiary 8-chloroethylamines and 
their products from water solutions onto activated 
charcoal.^ HN3 and triethanolamine appear to be 
efficiently adsorbed, but '"DB3-positive material" 
(presumably ethylenimonium compounds) was hardly 
adsorbed at all. The same holds for HN1, except as 
modified by its greater solubility and by the greater 
stability of its polar l-ethyl-1-(8-chloroethyl)ethyl- 
enimonium 1on.?? 


CORRELATION OF TOXICITIES 
OF 8-CHLOROETHYLAMINES WITH 
KINETICS OF THEIR CYCLIZATION 


20.4 


It has been noted ???*^ that a good correlation ex- 
ists between the subeutaneous toxicities * for mice of 
the hydrochlorides of a number of tertiary and 
secondary 6-chloroethylamines and the half lives of 
the amines in aqueous solutions under physiological 
conditions of pH and temperature (37 C, pH 7.4). 
The shorter the half life of the amine, the greater its 
toxicity. A comparably clear-cut correlation does not 
exist between the subcutaneous toxicities of the 
hydrochlorides and the reactivities of the first-step 
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ethylenimonium ions of the amines. The possible 1m- 
plications of these and other correlations between 
toxicity and the properties of sulfur and nitrogen 
mustards and their derivatives are discussed in 
Chapter 22. 


SULFUR MUSTARDS IN 
HOMOGENEOUS SOLUTION 


As indicated by the scheme presented in Sec- 
tion 20.1, the reactions of the sulfur mustards are 
qualitatively similar to those of the nitrogen mus- 
tards. Evidence will be presented to show that cy- 
clization occurs (as with the nitrogen mustards) by a 
thermally activated solvolytic mechanism. The 
onium ion, in this case an ethylenesulfonium ion, 
which is thus formed then reacts with water and 
other uncharged nucleophilic molecules and with 
anions to form various products. The reaction se- 
quence is repeated if the sulfur mustard contains a 
second 8-chloroethyl group. Thus, one may write for 
à typical sulfur mustard, RSCH5CH^»CI, the follow- 
ing reactions, which correspond to reactions (1a), 
(2d), (2e), and (2f) given on page 417 for a typical 
nitrogen mustard: 

+ 


20.5 


RSCH;CH;CI s> RSCH,CH, + CI- (1b) 
es 

RSCH,CH, -- H,O "*»- RSCH,CH,OH -- H^ (2g) 
E 

RSCH,CH, + RSCH.CH.C! iR dimers (2h) 
a 


pd 
RSCH;CH, - RSCH,CH,OH — 


— 
RSCH;CH;SCH;CH;OH (2i) 


| 
R 


However, important quantitative differences exist 
between the reactions of the sulfur and nitrogen mus- 
tards. These differences reflect the lesser basicity of 
the sulfur atom as compared with the nitrogen atom. 
The most important difference is the relative rates 
of steps A and B [reactions (1) and (2a), (2b), (2c), 
page 415]. It will be recalled that with the nitro- 
gen mustards step B is slow relative to step A. 
Consequently the imonium ion formed in step A may 
accumulate in relatively large amounts, and it can be 
isolated in the form of its salts. With the sulfur mus- 
tards, on the other hand, step B is so much faster 
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than step A that the latter determines the rate of the 
overall reaction and little sulfonium ion is ever pres- 
ent. Indeed, it has never been isolated and its exist- 
ence is deduced from indirect evidence. This cyclic 
compound is an active alkylating agent; and the ulti- 
mate distribution of —CH.2CH.SR residues among 
electron-donating groups present in the solution is 
determined by the relative concentrations of these 
groups and by their relative reactivities (““compe- 
tition factors’) for the ethylenesulfonium ion. A 
second quantitative difference between the two 
classes of compounds is that dimerization of the 
6-chloroethyl] sulfides is generally negligible. 

Evidence to support these conclusions has been 
derived from kinetic studies of the reactions given 
above and is presented in detail in the following dis- 
cussion of each of the reactions. 


Evidence Bearing on Ethylene- 
sulfonium lon Formed in Rate- 
Determining Step 


Studies during World War I showed that the rate 
of hydrolysis of b?s(8-chloroethyl) sulfide (H) in 
aqueous solution 1s governed by a first-order, temper- 
ature-dependent step, H ——- activated H.9*55 The 
following additional facts lead to the conclusion that 
activation of H and related sulfur mustards is a re- 
versible solvolytic process during which chloride ion 
is liberated, and that the reactions of the activated 
complex are always so much more rapid than its rate 
of formation that the latter reaction becomes the 
rate-determining step of the overall process: 

1. The hydrolysis of H results in the ultimate 
formation of thiodiglycol, S(CH2CH:OH)e, and 
2 moles of HCl. Hydrolysis of 8-chloroethyl 6-hy- 
droxyethyl sulfide (CH), which is the partial hy- 
drolysis product of H and a representative mono- 
B-chloroethyl sulfide, liberates 1 mole each of thio- 
diglycol and HCl. In the case of solutions of either 
H or CH in water, the rates of liberation of chloride 
ion and of hydrogen ion are identical within experi- 
mental error.!® 

2. As was early demonstrated for H, the hydroly- 
sis of numerous $-chloroethyl sulfides has now been 
shown to proceed initially according to the kinetics 
of a monomolecular reaction. Deviations from a first- 
order course occur during the latter part. of the re- 
action and may be accounted for by the effect of 
accumulating chloride ion (see Section 20.2.4) and, 
in the case of H and other compounds with two 
8-chloroethyl groups, by the complicating effect of 


20.5.1 





SULFUR MUSTARDS IN HOMOGENEOUS SOLUTION 


a second, successive, first-order reaction involving 
the second 8-chloroethyl group. 

3. In unbuffered solution the apparent rate of 
hydrolysis of H 1s pH-independent over the range of 
pH 3-11.415.54 

4. Various substances, including those usually 
used to buffer solutions, can react with activated H 
and modify the course of the overall reaction. Indeed, 
some anions (e.g. monothiophosphate) react so 
much more rapidly than does water that in their 
presence little or no hydrolysis (formation of thio- 
diglycol and acid) occurs.!5:*'* Nevertheless, the over- 
all rate of disappearance of H is not altered by the 
presence! of such substances.” In other words, this 
rate is determined solely by the concentration of H 
and the temperature of the solution. 

5. The addition of chloride ion (as NaCl) in mod- 
erate concentration retards the rate of disappear- 
ance of H without altering the final outcome of the 
reaction as measured by the production of 2 equiv 
of acid per mole of H.?8*4!2 The quantitative effects 
of different concentrations of added chloride ion are 
in accord with the concept that reversal of the acti- 
vation process occurs by the bimolecular reaction 
| reaction (1b) | of the activated H with chloride ion.!® 

6. The apparent rate of hydrolysis of H is not 
altered in the presence of metallic catalysts (e.g., 
Ag+, Cut+, Mnt+, Nit++, Fet++),6.53 

7. In solvents less polar than water, the reactions 
of H are markedly retarded.$.59.94 

8. In accordance with the concept that the re- 
actions of H in water involve an initial solvolytic 
step, vapor phase hydrolysis does not occur to an 
appreciable extent! 

The above observations indicate clearly that H 
and related 6-chloroethyl sulfides undergo a mono- 
molecular rate-determining transformation consist- 
ing of a solvolytic ionization into chloride ion and a 
positively charged ("activated") residue. The latter 
has been regarded as the primary carbonium ion, 
RSCH;CH;***.^ However, no evidence is available 
that primary alkyl halides undergo a monomolecular 
solvolysis of this type. Moreover, the activated in- 
termediate from H differs from those usually en- 
countered in solvolytic reactions in that it retains the 
ability to discriminate between the various sub- 
stances with which it may react. As a consequence, 
it has been suggested !? that the activated carbonium 
ion postulated above is stabilized by ring forma- 


> Purported acceleration of the rate in the presence of mono- 
thiophosphate ion has been disproved.!®:4! 


425 


tion to a virtual or actual ethylenesulfonium ion, 
+ 


| | 
RSCH.CHsz. Such an ion must be reactive because of 
its ring strain, but it must be considerably more 
stable than the simple carbonium ions postulated to 
occur in the hydrolysis of secondary and tertiary 
alkyl halides. 

The postulated mechanism, which permits the 
carbon atom to attain a normal octet of valence elec- 
trons by sharing a pair with the sulfur atom, has per- 
suasive chemical analogies, the closest being the 
formation of the ethylenimonium ion in the case of 
the nitrogen mustards (see Section 20.4).° 


20.5.2 Kinetics of Overall Reaction of 
bis(6-Chloroethyl) Sulfide in Aqueous 


Solution 


Although the hydrolysis of H in water proceeds as 
a succession of reactions, the major part of the to- 
tal reaction, S(CH»CH>2Cl)> + 2H50 —»*S(CH3CH.- 
OH). + 2HCI, can be described as a single, quasi- 
monomolecular process.5!:54 The rate constant for 
this process (or its initial portion) as determined by 
measurement of acid liberation will be designated as 
kz. Much of the information on the reactivity of H 
has been acquired through the use of this approxima- 
tion. Accordingly, representative results have been 
brought together in Table 6. The data reveal the 
characteristic temperature coefficient for the overall 
process. The conspicuous retardation in sea water 
as compared with the rate of reaction in pure water 
may be related to the chloride ion concentration of 
the former. 


Kinetics of Formation of 
Ethylenesulfonium lon 


20.5.3 


The rate of formation of the postulated ethylene- 
sulfonium ion from solutions of 6-chloroethy] sulfides 
in water has been determined directly by measuring 
the rate of evolution of chloride ion, and indirectly 
by measuring the rate of acid production. As stated 
above, the latter procedure is valid because hydroly- 
sis is very rapid compared with the rate of the cycli- 
zation reaction (i.e., k, >> k,). An alternative ex- 
perimental procedure has been to determine directly 


* [t is of interest that the displacement of chlorine in the 
oxygen analog of H, bis(8-chloroethyl) ether, proceeds by an 
entirely different mechanism. There is no evidence for the 
existence of a monomolecular activation step to form an 
onium compound.” The reaction is bimolecular. For reaction 
with OH-, kz = 0.033 1/mole min; for reaction with $O0;^ ^, 
ko — 0.32 1/mole min. 
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TABLE O6. Apparent rate constants (&,) for hydrolysis of sulfur mustards in water. Medium usually contained 1—5 per cent 
ethanol or isopropanol. 





Temp kz li Refer- 
Compound Medium (C) (min!) (min) ences Notes 
bis(8-Chloroethyl) sul- Water 0.6 0.0044 158.0 51 Data not consistent due to 
fide 10.0 0.012 57.8 inadequacy of sampling 
(H) 20 0.047 14.7 procedure.? 
30 0.21 3.3 
37.4 0.27 2.6 
12.5 0.0215 32.2 52 E — 17-18 keal. Values 
20 0.044 15.8 uniformly low as though 
30 0.118 5.9 from systematic error. 
40 0.261 2.4 Used quinhydrone elec- 
50 0.646 ld trode. 
14.5 0.028 24.8 54 E ~ 20.8 kcal. Titrimet- 
24.6 0.097 res ric, indicator. 
36.8 0.355 2.0 
25.0 0.121 D.7 3 Titrimetric, indicator. 
30.0 0.219 3.2 23a Tritimetric, glass electrode. 
20 0.094 7.4 41g E = 22.8 keal.Titrimetric. 
25 0.176 3.9 
30 0.342 2.0 
25 0.176 3.9 35 Titrimetric. 
Sea water 25 0.012 60 40 Titrimetric, indicator. 
30 0.028 25 23b Titrimetrie, glass elec- 
trode. 
1,2-bis(8-Chloroethyl- Water 25 ~ 0.4 Ls 21 Extrapolated to water from 
thio)ethane (extrapolated) following experiment. 
(Q) 32% dioxane 28 0.086 8.1 21] — ] ^ - geen 
in water 
bis(8-Chloroethylthio- Water 25 0.212 3.0 39 pH = 3.8-4.2. E — 20 kcal. 
ethyl) ether 
Cr) Water 25 0.248 2.8 41d 5% ethanol present. pH = 


5-8. 
TABLE 7. Kinetics of ionization of 6-chloroethyl sulfides at 25 C. 
(R) (min!) (keal) ence 
HOCH.;CH;- Water 0.166 16.8 37 Glass electrode. pH 
« 195 ethanol in water 0.30 JI 29b Selective extraction of CH 
595 ethanol in water 0.23 41e Titration of acid 
kar e; 0.235* 4le Computed from k, = 0.174 
5% acetone in water 0.260 18 Determined acid and chloride; 
u = 0.144 
CICH:CH:- Water 0.118* 18.5 38 Glass electrode. pH 
0.16 29a Selective extraction 
5% acetone in water 0.155* 18 Determined acid and chloride; 
u = 0.144 
CH;CH,— 5% ethanol in water 0.660 41d Titration of acid 
CH;CH; CH;- 595 ethanol in water 0.960 41d Titration of acid 
C;H;- 595 ethanol in water 0.028 41d Titration of acid 
C;H;CH;- 195 ethanol in water 0.200 19.5 25h Titration of acid 
20% ethanol in water 0.114 Alg Titration of acid 
=O;PSCH2CH.— 5% acetone in water 0.70* 18 Titration of acid 





* Calculated from the appropriate equations for two consecutive first-order processes. 


the selectively extracted H and CH after various 


reaction times.??a 


Table 7 summarizes the available observations for 
the simpler 8-chloroethyl sulfides in water, ethanol- 
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water, and acetone-water solutions. In general, the 
reaction rate follows a first-order course and is de- 
termined by kı in reaction (1b). The reverse reaction 
is negligible under these conditions. 

It will be noted that in the cases of H and CH the 
reaction rate as determined from changes in pH ap- 
pears to be lower in water than in ethanol-water or 
acetone-water solutions. It may be suspected that 
the difference 1s due to experimental errors. If the 
difference were real, 1t would signify that, contrary to 
general observation, the organic solvents accelerated 
the ionization rate. In addition, it will be observed 
that the reaction rates in water as determined by the 
procedure of selective extraction of H and CH?» 
are higher than those determined by means of the 
changes in pH.?738 

In the case of H and CH in 5 per cent acetone- 
water solution, the reaction rate was not signifi- 
cantly influenced by changes in ionic strength in- 
duced by addition of an inert salt (sodium benzene- 
sulfonate), and the small amount of chloride accumu- 
lating as a reaction product had no detectable effect 
on the kinetics of the process.'® 


20.5.4 Reactions of Ethylenesulfonium lon 


Since the hydrolysis of H and CH [reaction (2¢) ] 
proceeds within experimental error as rapidly as the 
rate of formation of the ethylenesulfonium ion, kw 
must be relatively great. An accumulation of as much 
as 3 per cent of ethylenesulfonium ion could occur if 
kuy were 30 times greater than kı. As the maximum 
probable accumulation is not more than 1 per cent, 
k,, should be at least 100 times as large as k,.!8 

From the standpoint of detoxification of the sulfur 
mustards in tissues and body fluids, the reactions of 
ethylenesulfonium ion with anions are of great im- 
portance. These reactions are typified by the general- 
ized reaction (2a). The participation of chloride ion 
in the bimolecular reversal of cyclization [reaction 
(1) or (1b) ] is a special case which may be treated 
first. 

A quantitative estimate of the absolute rate of re- 
versal of cyclization is not possible, because the rate 
constant (k_,) is inextricably associated with the 
rate constant of hydrolysis (k,,), and the latter is too 
high to be measured in any of the systems that have 
been investigated. 

As indicated above, added chloride ion retards the 
apparent hydrolysis rate of H without altering the 
end result.??.4!^ ''his means that the available ethyl- 
enesulfonium ion, which is reacting simultaneously 
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with CI- to form H and with water to liberate hydro- 
gen ion, produces acid at a lower rate in the presence 
of added chloride than it would in water alone. The 
retardation of hydrolysis may be described either by 
an empirical linear relation | equation (3) |??? or as a 
ratio of apparent hydrolysis rates derived with reason- 
able assumptions from the kinetie laws for two suc- 
cessive monomolecular reactions [ equation (4a) |. In 
equations (3) and (4a), k; and k; represent the intrin- 
sic rate constants respectively in water and in water 
plus added Cl-, and k, and k, are the corresponding 
apparent rate constants as experimentally determined 
by measurement of acid production over the first 
5-20 per cent of the overall reaction (see Table 6). 
In practice, k,/k, has been assumed to be equal to 
ki/kı. 


kt, 
lomo! = — 1.516[CI-}' (for 30C) (3) 
k! 1 
- (4a) 





&  I-+Fa[Cr 


Hydrolysis rate in water 


1+ Fx] “4? 


Fo is termed “the competition factor of chloride 
ion,” and provides a measure of the reactivity of the 
chloride ion toward the ethylenesulfonium ion, as 
compared with that of water. The competition factor 
Fy for any anion X- is formulated in the same way; 
and by appropriate modifications of the type equa- 
tion represented by equation (4b), the competition 
of mixtures of hydrolysis-inhibiting substances can be 
formulated in terms of their respective concentrations 
and specific competition factors.*!> 

The empirical relation (3) is inadequate in that it 
predicts unreasonably increasing values for the re- 
activity of chloride ion as the ionic strength ap- 
proaches zero.!® The competition factor equation (4a) 
is not precise either, for its use gives values of Pq 
which vary with chloride ion concentration.?%*:4# 
Although this equation correctly assumes that the 
relative rates of combination of anions with ethylene- 
sulfonium ion depends only upon their chemical 
natures and relative concentrations, it does not take 
into account the effect of ionic strength upon these 
bimolecular reactions. Since Fx represents a function 
of the ratio of the rate constants for the reactions of 
the cation, ethylenesulfonium, with uncharged water 
and with negatively charged anion, respectively, Fx 
should be sensitive to change in 1onic strength. Fur- 
thermore, precise calculations of Fx by use of equa- 
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tion (4b) require exact knowledge of the values of kı 
and ki. These values are usually approximated as 
the initial rates (k, and k,) of the respective processes 
at zero reaction time. The approximations may be 
very close at low temperatures, but at 25 C and 
higher the errors may become appreciable. Thus, at 
25 C with H, k, is about 5 per cent too high if calcu- 
lated from the origin to ¢ = 0.5 minute, and 10 per 
cent too high if calculated to ¢ = 1 minute; and in 
the presence of monothiophosphate ion, the errors in 
k- calculated for these time intervals are 14 and 
26 per cent, respectively.!5 [t may be suspected that 
this source of error accounts, in part at least, for the 
rather wide discrepancies between the k, values re- 
ported by various observers (see Table 6). 

In spite of these inherent sources of error, the or- 
ders of magnitude of the competition factors for vari- 
ous anions are significant. Determination of the rela- 
tive values for a wide variety of compounds ?:*^ has 
been of great practical value in furnishing a basis for 
the selection of those classes of substances likely to 
serve as effective detoxicants of H. It has also pro- 
vided a general index of the relation of chemical 
structure to the electron-donating strength of com- 
pounds possessing unshared electron pairs, as may be 
illustrated by the examples given in Table 8.* In 


TABLES. Illustrative competition factors. 


Anion Competition factor 

(X^) (Fx) 
Dithiophosphate 130,000 
Thiosulfate 27,000 
Phosphate 79 
Sulfate 7.8 


view of their possible deep physiological significance, 
the unique position of thiol compounds as strong 
competitors should be emphasized. A complete table 
of competition factors is given in Chapter 19. 

It merits emphasis that addition of substances 
with high competition factors does not accelerate the 
rate of disappearance of H from aqueous solutions, 
but merely alters the final products of the overall re- 
action. The reaction in the presence of thiosulfate 
provides an example.!* The two ethylenesulfonium 
ions formed in succession by an H molecule react 
with the thiosulfate ion to produce the Bunte salt, 
S(CH;CH.SSO3)>. The rate of the process is essen- 
tially the same as for the production of thiodiglycol 
(1.e., hydrolysis) in pure water, but in this case virtu- 
ally no hydrolysis occurs. 
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The quantity which is of significance for an ac- 
curate description of the rates of reaction of anions 
with ethylenesulfonium ion is not the competition 
factor as above defined, but rather the rate constant 
of the particular competing agent relative to that of 
water at some standard ionic strength. For chloride 
ion such a constant has been defined as the "relative 
rate constant of chloride ion at ionic strength u,” as 


follows: 18 


In this equation k- is the second-order rate constant 
for the reaction of ethylenesulfonium ion with chlo- 
ride ion, and k,, is the pseudo-first-order rate constant 
for its reaction with water. In the case of both H and 
CH, (rci-) has a value of 18 + 2 at uw = 0.144 and 
attains a limiting value of 34 + 4 at u = 0.000. At 
constant u these values are independent of chloride 
ion concentration. 

The dimerization of 8-chloroethyl sulfides to the 
corresponding linear sulfonium and cyclie 1,4-dithi- 
onium compounds according to reaction (2h) has not 
been encountered. In the case of the nitrogen mus- 
tards, the corresponding compounds are formed to an 
appreciable extent (see previous discussion and Chap- 
ter 19). With H, however, the relatively low basicity 
of the sulfur atom would make such combinations 
very unstable.*!4 

As indicated by reaction (21), the additions (some- 
times incorrectly termed polymerizations) of ethyl- 
enesulfonium ions and thiodiglycol (TG) occur 
readily in aqueous solutions. The sulfonium com- 
pounds, H-1TG, H-2TG, and CH-TG are formed 
(see Chapter 19). It will be noted that only the first 
of these three compounds contains a 6-chloroethyl 
group. The formation of sulfonium salts is favored 
when the initial concentration of H is high.5:!5 ''hese 
additions also occur in anhydrous mixtures of H and 
TG, but at lower rates than in aqueous solutions. 

The bimolecular reactions which result in the 
formation of the sulfonium compounds have not been 
subjected to systematic kinetic analysis. The chem- 
ical reactions of the compounds are discussed in 
Chapter 19. 


20.5.5 Reaction Kinetics of Sulfoxides, 
Sulfones, and Mustards with ‘lwo 
Sulfur Atoms 


H sulfoxide, (CICH;CH;);SO, is relatively re- 
sistant to hydrolysis; ?*9* the reaction proceeds only 
very slowly at pH 8." 
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H sulfone, (CICH:CH:2).2SOz, also resists hydroly- 
sis in unbuffered aqueous solution,” but its conver- 
sion to divinyl sulfone, (CH= CH):50;, and HCI is 
catalysed by hydroxyl ion. Upon the addition of 
sodium hydroxide, 0.55 equiv of chloride ion and of 
acid per mole of H sulfone was liberated in 90 min- 
utes at pH 6.5-7.0, and, at pH 7.5-7.8, 1 equiv of 
chloride ion and acid appeared within 3 minutes.” 
On the other hand, in the presence of bicarbonate at 
pH 7.5-7.8 the reaction was markedly retarded (to 
one-fiftieth or less of the above rate).!? 

Divinyl sulfone does not react detectably with 
water in neutral aqueous solution, and reacts only 
very slowly at pH 8.4.17 

1,2-bis(8-Chloroethylthio)ethane (Q or sesquimus- 
tard) in 32 per cent dioxane in water solution hy- 
drolyzes at a rate comparable to that of H in water 
(see Table 6).7! The initial liberation of acid follows 
a first-order course for which k, = 0.086 + 0.006 
min ^! at 28 C. This apparent rate increases with in- 
crease in the water content of the reaction mixture, 
varying as the fourth power of the water concentra- 
tion. Extrapolation to pure water gave k, ~ 0.4 
min“. A second, much slower stage of acid liberation 
has also been observed and related to the hydrolysis 
of the second 6-chloroethyl group. For this, k; = 
0.00396 min in 32 per cent dioxane in water.” 

There is evidence to indicate that under certain 
conditions Q, like H, can react with the products of 
its own hydrolysis to form sulfonium salts. In con- 
trast to the sulfonium salts of H, some of the sul- 
fonium salts of Q appear to be unstable. For example, 
pentaethylenetetrasulfide-w, w’-diol (IV) 


i ies 
H.C 


HC 


| 
SCH,CH,SCH;CH;OH 


(IV) 


has been isolated after hydrolysis of Q by 50 volumes 
of water (see Chapter 19). 

Q sulfone in either pure water or bicarbonate solu- 
tion undergoes no detectable hydrolysis for at least 
] month.?! 

bis(8-Chloroethyvlthioethyl) ether (T) appears to 
hydrolyze in two stages and at an even more rapid 
rate than H or Q.!? The data shown in Table 6 relate 
to the first stage. In the case of one estimate,?? the 
value for k, was arbitrarily determined from the 
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slope of the straight part of the log concentration 
versus time curve; in the case of the other entry,” the 
initial value of the slope was used as the basis of the 
estimate. 


20.5.6 Kinetics of Oxidation of bis- 
(8-Chloroethyl) Sulfide (H) by Peroxides 


In methanol-water solution, the oxidation of H by 
urea peroxide and H3O; is slow and accompanied by 
solvolysis with resultant acid production and in- 
crease in the bimolecular rate constant. With urea 
peroxide in 84.4 per cent methanol in water, k = 
0.0018-0.0083 1/mole min; with H5O; in 66.7 per cent 
methanol-water, k2 = 0.012—0.023 l/mole min. The 
results indicate that H.O2 and salts yielding HO, are 
not active enough to be useful for decontamination 
under physiological conditions. ® 

The oxidation of the sulfur of H to the sulfone 
state should tend to reduce the strength of binding 
of the B-carbon atom, and in the case of 67s(8-pyri- 
dinium ethyl) sulfone, the binding was found to be 
such as to permit the direct observation of a revers- 
ible reaction which was catalyzed by OH-. 


A 
O:S( CH;CH5- NC5;H 5)» + 20H- < 
O;S( CH—CH3)» --2C;H5N + 2H.O 


At lower pH, the equilibrium was forced toward the 
left, and at higher pH toward the right.!" 


20.6 KINETICS OF SULFUR MUSTARDS 
IN HETEROGENEOUS SYSTEMS 


In heterogeneous systems such as occur in tissues 
and on moist terrain, the various phases and inter- 
phases provide numerous possibilities for the distri- 
bution of compounds such as H, its intermediates, 
and its reaction products. Under such circumstances 
no rational physicochemical picture of the detailed 
behavior of H or any other persistent agent is possible 
at the present time. 

It merits mention that for some systems (e.g., 
moist terrain contaminated with droplets of a sulfur 
mustard), the hydrolytic and other reactions dis- 
cussed in the preceding sections have little practical 
bearing on the persistence of a hazard for troops. The 
limiting physicochemical factors are the rates of 
evaporation and of solution.*® 

Blood and plasma are relatively simple heterogene- 
ous biological systems in which the apparent rates of 
disappearance of H and CH have been studied (see 
Table.9). The entries of the table suggest the exist- 
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ence of a species variation. They indicate also that 
the rates of disappearance from the blood or plasma 
of different individuals of a given species exhibit a 
notable variation and are, in general, lower than the 
rates of disappearance at the same temperature from 
homogeneous solutions containing the same concen- 
tration of chloride ion. 

The rates of disappearance of both H and CH are 


lower in whole blood than in plasma. It follows that 
the cellular elements of blood must participate in the 
removal of H and CH from the extracellular phase.” 
However, it is apparent that the removed agent is 
not destroyed so rapidly as that which remains in 
the plasma. Presumably reversible adsorption with 
or without solution in nonaqueous phases plays a role 
in this phenomenon. 


TABLE 9. Apparent rates of decomposition of bis(8-chloroethyl) sulfide (H) and g-chloroethyl 8-hydroxyethyl sulfide 
(CH) in whole blood and in plasma. 


The data were obtained by selective extraction and subsequent determination of H and CH. The apparent rates of 


decomposition are tabulated in terms of the apparent first-order rate constant i ie ) and the half life (t+). In the case of H, 
k, refers to the first ionization step. 


Anticoag- 
Agent Species Medium ulant 
H eae Bg NaCL — nos 
Man Blood Citrate 
Man Plasma Citrate 
Man Blood Heparin 
Sheep Blood Heparin 
Rabbit Blood Heparin 
Rabbit Blood Heparin 
Rabbit Blood Heparin 
Rabbit Blood Heparin 
Rat Blood* Heparin 
Dog Blood Oxalate 
CH Rabbit Blood Heparin 
Rabbit Blood Heparin 
Rabbit Plasma Heparin 


* Equilibrated with 5 per cent CO». 


Temp kz tı Refer- 
(C) (min^!) (min) ence 
25 0.037 19 22 
25 0.03-0.04 17-24 20 
25 0.026 22 20 
25 0.014—0.025 30-50 22 
25 0.03 24 22 
25 0.012-0.014 50-60 22 
25 0.009 74 29c 
391 0.05 14 29c 
ad c 8+ 13 
37 0.054 12 44 
25 0.02-0.03 27-35 22 
25 0.12 5.8 29b 
37 0.53 13 29b 
25 0.085 8.2 29b 
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EFFECTS OF SULFUR AND NITROGEN MUSTARDS ON 
PROTEINS, ENZYMES, AND CELLS 


By Milton Levy? 


INTRODUCTION 


HE PRACTICAL OBJECTIVES of the work reviewed 
IR in this chapter have been set forth in Chap- 
ter 19, Section 19.1. The present chapter reviews the 
work falling between the strictly chemical studies 
(Chapters 19 and 20) and the investigations on the 
mechanism of cutaneous and systemic injury in ani- 
mals and man (Chapters 22 and 23). 

The primary scientific objective in the work de- 
scribed in this chapter has been the development of 
a theory of vesicant action in cellular terms. Several 
desiderata for such a theory are evident. It must pro- 
vide for rapidity of reaction of the vesicant and forthe 
delay in the development of grossly visible damage.? 
It must account for the effectiveness of low dosages of 
vesicant. It must account for the relationship be- 
tween the quantity of vesicant and the qualitative 
and quantitative nature of the resulting damage. 
The hope appears vain that a single reaction result- 
ing from a vesicant may be found responsible for all 
subsequent events in the development of injury be- 
cause the studies on many systems have shown that 
the reacting groups are multiple. It is, therefore, to 
be expected that the discovery of an especially sensi- 
tive material may indicate the minimal reaction for 
damage without explaining all the observed effects 
as the vesicant concentration or time of exposure is 
increased. 

Although some actions of vesicants in various 
doses may be the result of acid liberated through 
hydrolysis,***4° the acid hypothesis *! has been re- 
jected as inadequate.”*6P.49.64 The suggestion that 
delay in action is related to a necessary preliminary 
formation of a sulfone (H sulfone or divinyl sulfone 
from mustard) 58 has been discussed .??:26—28,36i,0.P Esti- 
mates of the oxidation potential required to ac- 
complish this change” indicate that living cells 
would not be able to bring it about to an appreciable 
extent. 

It seems generally agreed that a rapid reaction 
with protein material *4:*4.P (see Chapter 19) is the 
most likely primary chemical event of biological in- 
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terest. There appears to be no real necessity for a 
strictly chemical mechanism acting on the vesicant 
to explain the delayed onset of detectable injury. 
The delay is sufficiently explicable in terms of the 
existence of noninstantaneous processes in normal 
functioning. Any delay in manifestation of the action 
of a vesicant can be described as the time required for 
the defect or derangement produced by the rapid 
chemical action to be effectuated in a demonstrable 
manner through otherwise normal mechanisms. On 
this basis, the postulation of protein compounds 
which may slowly release unchanged vesicant ?* 1s an 
unnecessary complication, and parallelism of de- 
velopment of lesion to enzyme inactivation *“* may 
occur if the latter is a result rather than a cause of 
pathological changes. 

A very common phenomenon resulting from the 
action of vesicants in very small amounts is inhi- 
bition of cellular reproduction. Corneal epithelium, 
regenerating liver, yeasts, tissue cultures, tumors, 
and marine eggs show one form or another of delayed 
reproduction when treated with vesicants. With 
marine eggs, the most marked delay is in early pro- 
phase. In so far as is known, the delay in the case of 
other kinds of cells is at a corresponding phase of the 
cellular reproductory cycle. In general, effects on 
gross metabolism require more drastic treatments 
than those that suffice to inhibit cellular repro- 
duction. 

Delayed reproduction points to effects involving 
nuclear material. Additional evidences of nuclear in- 
volvement have been obtained by study of nuclei and 
chromosomes in vesicant-treated material, and from 
the finding that vesicants prevent the swelling of 
isolated nuclei suspended in sodium dioctylsuccino- 
sulfate solutions. 

Loosening of corneal epithelium is a result of de- 
rangement of corneal metabolism produced by vesi- 
cants. The alteration seems to involve an increased 
proteolysis. 

Reaction of the vesicants with proteins have been 
shown to alter the physical properties (solubilities, 
acid-base behavior), the catalytic properties (enzy- 
matie:activity), and the biological properties (im- 
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munological reactions) of the protein. Studies on 
enzymes tend to dissociate in vitro and in vivo sensi- 
tivities. It should be emphasized that the in vitro 
results with proteins and enzymes have generally 
involved relatively high concentrations of the react- 
ing vesicants. 

A difficulty which persists is the evaluation of ex- 
perimental results in terms of the doses to which the 
whole organism might be subjected. In most of the 
experimental work, the controlled concentrations of 
vesicants have been used in as nearly uniform media 
as possible. The presence of a lipid phase and of mem- 
branes, and the subsequent, probably nonuniform, 
distribution to all parts of the body prevent a simple 
extrapolation of the results of in vitro studies to mul- 
ticellular organisms. 


21.2 REACTIONS OF PROTEINS WITH 
VESICANTS 
21.2.1 Reactive Groups of Proteins 


As would be suggested by the reactions of the sul- 
fur and nitrogen mustards with amino acids and 
other simple compounds of biochemical interest 
(Chapter 19), contain functional groups of proteins 
react with these vesicants. The reactions are pH- 
dependent because the active forms of the toxic 
agents are positively charged ethylenesulfonium and 
ethylenimonium ions (Chapters 19 and 20) which 
presumably react only with uncharged or negatively 
charged protein groups. At physiological pH (6.0— 
8.0), carboxyl, imidazole, thiomethyl, and sulfhydryl] 
groups react to a significant extent. A few amino 
groups also react. Phenolic and aliphatic hydroxyl, 
indolyl, guanido, and most amino groups do not 
react. 

At pH 5.5-6.0, bis(8-chloroethyl) sulfide (H) re- 
acts with all or most of the carboxyl groups of pro- 
teins.*! At pH 6-8, imidazole groups react.* At pH 6, 
few or none of the amino groups react.!? If the actions 
occur in alkaline media, however, amino groups do 
react.” In the action of butyl 8-chloroethyl sulfide 
(butyl-H) on insulin, about 3 per cent of the reacting 
butyl-H can be recovered attached to the amino 
group of phenylalanine,” suggesting that at the pH 
of treatment (7.4—7.6) the terminal amino groups de- 
rived from phenylalanine are only partially in the 
Ionic state. 

Study of the dietary availability of the amino 
acids of casein treated with H at alkaline reaction 
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shows that its lysine, histidine, methionine, and 
threonine become unavailable for rats??* Addition 
of arginine, lysine, and cystine does not adequately 
supplement this H-treated casein for chicks.” If the 
casein 1s treated at neutralitv, only methionine and 
threonine become unavailable for rats.?? 'The threo- 
nine is made available by acid hydrolysis, whereas 
methionine is not. The probable interpretation is not 
that the hydroxyl group of threonine reacts with H, 
but rather that this amino acid fails to be liberated 
in absorbable form by the action of digestive en- 
zymes on the H-treated casein.?? So interpreted, the 
results conform to the demonstrated nonreactivity 
of the hydroxyl groups of serine and threonine with 
H (Chapter 19). Bacteriological assay also shows the 
special reactivity of methionine and a lesser sensi- 
tivity of lysine in casein.?°™ 

The possible reactions of the phenolic and indolyl 
groups in protein are obscure. These groups are re- 
sponsible for the reduction of the Folin phenol re- 
agent by proteins. The reagent is reduced to a lesser 
extent by H protein than by native protein at pH 8.0, 
but the difference disappears when the reduction 
takes place in more alkaline medium !?:;? or in the 
presence of detergent.” These factors also increase 
the reduction caused by many native proteins. If a 
reaction of H with phenolic groups were to occur, 
there would be formed an ether which would, in all 
probability, be stable to alkali and certainly stable 
to detergents. It seems that the loss of chromogenic 
power is best described əs a “covering” of phenolic 
(and indolyl) groups rather than as a direct reaction 
with vesicants. The phenomenon of "covering" is 
usually attributed to the folded character of the 
protein peptide chains, which may be modified, per- 
haps through the formation of new hydrogen bonds, 
by reaction of the vesicant with groups other than 
those concerned directly in reducing the Folin- re- 
agent. | 

Sulfhydryl groups are of special interest because of 
their relation to oxidation-reduction reactions which 
are important in enzyme action and in determining 
the physical properties of certain proteins. Keratein 
probably reacts with H through its sulfhydryl 
groups.?**.^ In the cases of urease, denatured egg al- 
bumin, and papain, sulfhydryl groups disappear un- 
der the action of H. Not all the groups in urease react 
to the same extent, and under some conditions the 
activity of the enzyme is not impaired as a conse- 
quence of the reaction.* By working at low phosphate 
concentration, inactivation can be produced by H or 
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ethyl 8-chloroethyl sulfide. The inactivating action 
of vesicants is also enhanced at high pH values. The 
phosphate probably protects through competition.” 
The sensitivities of so-called sulfhydryl enzymes to 
vesicants vary considerably (see Section 21.3). 


21.2.2 Changes in Protein Resulting 


from Reactions 


The changes in properties of proteins resulting 
from vesicant action have been studied only with 
material subject to rather drastic treatment. In the 
case of H, excess liquid vesicant has practically al- 
ways been present. The necessity of producing ex- 
perimentally measurable results is the reason for the 
use of such high concentrations. Perhaps the results 
may, with caution, be extrapolated to the lower con- 
centrations which are of greater interest. 

The proton affinities of a protein are modified by 
reaction with vesicants. The chief evidences for the 
participation of the carboxyl and imidazole groups 
are the changes in the acid-base titration curves and 
isoelectric points of the proteins.*° In the case of 
hemoglobin, H also increases oxygen affinity and 
susceptibility to oxidation to methemoglobin with- 
out, however, reacting directly in the "heme" portion 
of the molecule.* After treatment with H, collagen 
becomes more difficult to gelatinize or to JE 
enzymatiecally.*!s.b 

H is a specific hapten in proteins.**>? The pro- 
duction of H-protein complexes in vivo probably ac- 
counts for the sensitization to vesicants (see Chap- 
ter 23). Certain products obtained by the reaction ot 
vesicants and serum proteins are said to be toxic to 
tissue cultures and to whole animals.??5.e.d 

Nucleoprotein is precipitated by treatment with H 
to a greater extent than are other proteins.**" How- 
ever, treatment of solutions of nucleoprotein from 
the thymus or from chicken erythrocyte nuclei in 
6 per cent NaCl with low. concentrations of H pro- 
duced no changes in viscosity, nor did the nucleo- 
protein isolated from H-treated thymus or. chicken 
erythrocyte nuclei show any difference in poc 
from normal material.!5 


21.5 INACTIVATION OF ENZYMES BY 
MUSTARDS : 


A very attractive theory concerning the action of 
vesicants has been the enzyme hypothesis of Pe- 
ters.**> P.% [t was based on the finding that bzs(8-chlo- 
roethyl) sulfone (H sulfone) inhibited the oxidation 


of pyruvate by brain mince, and upon the previously 
discovered inhibition by H of the respiration and 
glycolysis of tumor tissue. The use of 2,3-dimer- 
captopropanol (BAL) as an antidote in arsenical 
poisoning was developed on the basis of this hy- 
pothesis and the evidence that sulfhydryl groups 
were particularly concerned. The hypothesis pro- 
posed that the initial significant lesion produced by a 
vesicant is the inhibition of an enzyme, and that 
pathological changes follow as a result of the subse- 
quent changes in metabolism. The enzyme hypothe- 
sis was particularized for vesication as a hexokinase 
hypothesis 74-i and more generally as a phospho- 
kinase hypothesis.?/?;* A very similar hypothesis was 
developed in the open literature with regard not only 
to vesicants but also to suffocants and lachrymators.5! 
The observed actions of the agents (i.e., inhibition of 
glycolysis, limited response. of frog muscle to Kt) 
are ascribed to enzymatic disturbances brought about 
by reactions with sulfhydryl groups, in analogy with 
the action of 10doacetic acid.*?7? 'The Peters hypothe- 
sis and its success in leading to the development of 
BAL served as the impetus for testing the actions of 
vesicants on many enzymes in a more or less pure 
state, and.for the examination. of the enzyme con- 
tents of the tissues of intoxicated: animals. 

The action of H on enzymes has been reviewed.? 
In only one or two cases was the rate of inactivation 
so great as to suggest that the enzyme might com- 
pete significantly with the general tissue proteins for 
the vesicant.? The same conclusion seems justified for 
the nitrogen mustards because, in general, the sensi- 
tivities of a series of enzymes fall-in the same order 
for different vesicants. Parallel zn vitro and in vivo 
studies, particularly of enzymes related to carbo- 
hydrate metabolism, show. that the sensitivity of an 
enzyme in vitro is not necessarily an indication of 
sensitivity in vivo.? Nor does the same enzyme action 
behave similarly in different tissues of the same ani- 
mal.'*:212,>.¢.4.f The profound effects of destruction of 
cellular architecture on the rates and orientations of 
metabolic process present an obstacle to study and 
interpretation of enzyme behavior Zn vivo.?!* "At the 
present state of our knowledge it seems doubtful 
whether further studies of the effects of vesicants on 
enzymes would aid in the identification of the pri- 
mary chemical lesion." !? 

Enzymes are proteins. Some may have special 
prosthetic groups, or active centers, not derived from 
amino acids. In so far as the enzymes contain the same 
functional groups as other proteins, their reactions 
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with vesicants will not differ in kind from those of 
other proteins. In so far as special groups are present, 
these may react more or less readily. Reaction of 
vesicants with groups in an enzyme need not cause 
inactivation.’ The sulfhydryl enzymes existing in 
oxidized and reduced forms are not equally sensitive 
to vesicants. Some substrates (choline with choline 
oxidase,”!*"> glucose with hexokinase ?74) have a pro- 
tective action. While these may behave as if they 
compete for the active center with the vesicant, the 
protective compound is not able to reverse the action 
of vesicant after reaction has occurred. 

In Table 1 is given a list of the enzymes studied 
along with estimates of their relative sensitivities. 
The estimates are necessarily somewhat impression- 
istic because they are based on reports of experi- 
ments in which conditions of treatment varies 
greatly as to temperature, concentration, and time 
of action. From the table it is evident that the most 
sensitive enzymes are among those concerned with 
choline (choline and betaine aldehyde oxidases and 
brain cholinesterases), with carbohydrate and phos- 
phate metabolism (hexokinase, creatine phospho- 
kinase, pyrophosphatase, and pyruvic oxidase), and 
with protein (peptidases of serum, plasma, skin, and 
lung). There is no evidence that these in vitro inacti- 
vations are produced by as mild treatments as have 
definite inhibitory effects on cell division or on the 
swelling phenomenon described in the following 
sections. 


YEAST METABOLISM AND 
REPRODUCTION 


21.4 


B-Chloroethyl vesicants interfere with the metabo- 
lism and reproduction of yeasts. The development of 
colonies in plate cultures of treated yeast has been 
used to demonstrate lethality,!:?°! 24°48 and the 
growth in fluid media measured by turbidimetric 
means has been used to demonstrate effects on 
growth rate.?°! The presence of dead cells, unless cor- 
rected for, may produce errors in turbidimetric 
growth rate methods, and slowing of growth may be 
sufficient to prevent colony formation in plating-out 
methods.» No serious discrepancies exist in the 
findings by the two methods, although the turbidi- 
metric method seems to yield more information. 

A single treatment with a sublethal dose of H pro- 
longs the generation time of yeasts for as many as 
ten generations. Growth follows the usual logarith- 
mic formula during this time and the period of sub- 
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normal growth rate is terminated by cessation of 
growth for a period followed by return to the normal 
untreated rate.?°! The inhibition caused by H, HN2, 
HN3, or ultraviolet light is irreversible, but the inhi- 
bition caused by formaldehyde, iodoacetate, cyanide, 
fluoride,” or divinyl sulfone 2” is reversed by sus- 
pension in fresh media. Diviny] sulfone seems to have 
both reversible and irreversible effects.2°"" Inhibition 
by divinyl sulfone is lifted by changing pH from 
7 to 5.5, or by adding glutathione to the poisoned 
yeast,?°? 4 although the divinyl sulfone bound by the 
yeast is not liberated.?°®> The role of glutathione is 
obscure. Although sulfhydryl groups disappear from 
yeasts treated with H or divinyl sulfone, the amount 
disappearing is not proportional to the effect on re- 
production; nor are the sulfhydryl groups restored to 
normal by resuspension or changing pH,?°>» condi- 
tions which at least partially reverse the inhibition 
by divinyl sulfone.?” The possibility of reversing the 
effects of H by oxidizing combined H to sulfone in 
situ has been considered, but the toxicity of the 
peracids required proved too great.?9s.t 

Morphological abnormalities appear in. H-treated 
yeast after 10 hours, but after 25 hours the cultures 
are composed of normal appearing cells. Probably 
the return of normal growth rates depends on re- 
peated divisions of a few cells which escape injury.?°” 
The permeability of yeast to chloride, thiosulfate, 
and phosphate is not affected by treatment with 
H.?** About half of the H reacting with yeast is in a 
form soluble in trichloroacetic acid. The remainder is 
fixed in part by water-soluble protein and in part by 
insoluble cell constituents.?°* 

The reproductive defect has no simple relationship 
to the gross metabolism of the yeast. Much lower 
concentrations of vesicants inhibit growth than have 
any effect on either oxygen consumption or anaerobic 
carbon dioxide production,!?:!7>:2°v 49 or on the usually 
poison-susceptible utilization of acetate.?°4¢ Yeast 
enzymes both zn vivo and in vitro are much less sensi- 
tive than is the reproductive system.!? There are at 
least two, 1f not many more, H-sensitive systems con- 
nected with reproduction, as is shown by the linear 
relationship between amount of H fixed by yeast and 
concentration during treatment ??». and by the lack 
of a similar regularity between H concentration and 
prolongation of generation time. Abrupt changes in 
slope occur in the latter relationship.??v.» 'The actions 
of reversible poisons are generally additive to the 
action of H, indicating that a multiplicity of func- 
tional disturbances can result in prolongation of gen- 
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L$ to 1 hour. 


TABLE 1. Sensitivities of enzymes to vesicants in vitro. 
Standard treatment is considered to be incubation with 3 mM H or equally active amounts of other reagents for 











0 no effect H bis(ß-Chloroethyl) sulfide 
1 up to 20% inactivation HN2 Methyl-bzs(8-chloroethyl)amine 
2 20-60% inactivation HN3 íris(8-Chloroethyl)amine 
3 60-9095 inactivation 
4 90-100% inactivation 
Enzyme H | HN2 HN3 References Enzyme H  HN2 HNS3 References 
Adenosine deaminase 0 vi 4x 21b Laccase 0 37c 
Adenylic acid deaminase 2 2 13 Lactic acid dehydrogenase 0 6, 21b, 
Adenylpyrophosphatase 2 2 13 36m, 37€ 
Adenylpyrophosphatase Lanthionase 0 12 
(myosin) - 1 1 21b Leucine deaminase pi 21b 
Aerobic phosphorylase 2 2 13 Malic acid dehydrogenase 0 36f, 37c 
Alanine oxidase activity 21b Myokinase 0 e 13, 21b 
increased Papain 2 0-1 9, 8, 976, p 
Alcohol dehydrogenase 1 Di ka 37c Pepsin 0-3 ] 10, 21b, 37e 
d-Amino acid oxidase 0-1 1 0 6, 37c Pepsinase (beef spleen) 0 3 
Aminopeptidase 0 3 Pepsinase (swine kidney) 2 3 
Amylase 0 T 7 37c Pepsinogen 2 10 
Arginase 2 0 0 21b Peptidase (serum, plasma, 
Ascorbic acid oxidase 0 P E 6 skin, lung) 4 4 3, 7 
Betaine aldehyde oxidase » 4 4 21b Peroxidase 0 a 37c 
Carbonic anhydrase 0 0 0 37c Phenylalanine deaminase 1 21a,b 
Carboxylase 0 1 1 6, 21b, 37c | Phosphatase (acid and A 
Carboxypeptidase 0 3 alkaline) 0 1 19r, 21b, 47 
Catalase 0 37¢ Phosphohexokinase 0 0 13 
Cathepsin 1 e Jt 37c Phosphoglucomutase 0 0 13 
Cholinesterase (serum) 0 2 2 6,19d,21a, Phosphorylase 2 1 13, 21b 
b,36k Polyphenoloxidase 0 0 21b, 37c 
Cholinesterase (brain) 3 4 21b, 36e, Ptyalin 0 a 37c 
37p Pyrophosphatase 3 3 13 
Cholinesterase (kidney) 1 13 Pyruvate phosphokinase 2 2 13, 37] 
Cholinesterase (eye) PA 1 bs 19d Pyruvic oxidase ( B. Coli) 3 roe 6, 37b,0,] 
Choline oxidase 4 4 4 13, 21a,b Pyruvic oxidase (brain) 3 1 36b,e,f 
Chymopapain 1 3 Pyruvic oxidase (kidney) 3 21a,b 
Chymotrypsin 1 2 10 Pyruvic oxidase (liver) a 21a,b 
Creatine phosphokinase 4 3 = 13 Pyruvic oxidase (skin) 3 36d 
Cytochrome oxidase 0 0 0 6, 21b, 37c Ribonuclease 0 AS 17a 
Deuterohexokinase 2 2 13, 37] Succinodehydrogenase 0 2 6, 21b, 36f, 
Diaphorase 0 37¢ 37C,p 
Enolase 0 13 Sucrase 0-1 Az 10, 37c 
Fumarase 0 37C Thymonucleodepolymerase 0 13 
Glucose dehydrogenase 1 Ad - 37c Triosephosphate dehydro- 
Glutamic acid oxidase 4: 2 2 21a,b genase 0 2 6, 37p 
Glycerolphosphokinase 2 13 Trypsin 0 2 7, 97€ 
a-Glycerophosphate dehy- Trypsinase 0 3 
drogenase 0 37c Urease 0-2 8, 20ii, mm, 
Glyoxalase 0 M 37c 37c 
Hexokinase 4 2 10, 13, 37d, | Uricase P: 21b 
h, i, j, k, | Valine deaminase E 0 21b 
0,p Xanthine oxidase 0 6, 37c 
Histaminase 3 0 0 6, 21b Zymohexase 0 37C 
Hyaluronidase 0 41c 


* Result depends on phosphate concentration. 


eration time.”"% The action of vesicants on yeast is 
"very complex’ 4° and lethality is probably related 
to the accumulation of many small defects.??? 
separate drastic H treatments of the vitamins 
necessary for yeast growth fail to make them un- 
available for yeast. This applies to biotin, inositol, 


thiamine, pyridoxine, and £-alanine.” The following 
water-soluble constituents of yeast extracts are not 
affected by H treatment of yeast: 2° adenosine tri- 
phosphate, diphosphonucleotide, adenylie acid, and 


nicotinic acid. 


Other vesicants and related compounds that are 
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lethal to yeast are HN3,*° HN2,?°" and benzyl and 
ethyl 8-chloroethy! sulfides.” 


CORNEAL METABOLISM AND 
LOOSENING 


21.5 


Exposure of the isolated cornea to saturated H 
vapor (which produces severe delayed injury in rab- 
bits after a 1-minute exposure) results in loosening of 
the corneal epithelium. The loosening can be quanti- 
tatively measured after 5-12 hours.?! At. 28-33 C 
the process of loosening takes 6 hours to develop. 
The loosening does not develop if the treated cornea 
is kept at 0-18 C after the fourth hour. After 10- 
12 hours at low temperature, re-exposure to 28 C 
often results in loosening.'?" Anaerobiosis also in- 
hibits loosening. Anaerobiosis during 10 hours after 
exposure partly inhibits loosening in the subsequent 
10 hours of aerobiosis.!°¥ The dependence of loosen- 
ing on deranged metabolic processes is indicated by 
these findings. Physical loosening of the Danielli type 
is produced by treatment with alcohols, but is im- 
mediate. Delayed loosening is characteristic of 
vesicants, freezing, iodoacetate, fluoride, and certain 
drugs, especially histamine.'®) That proteolysis is 
concerned is indicated by the ability of trypsin and 
chymotrypsin, when properly injected, to produce 
the loosening. Ribonuclease, lipase, and hyaluroni- 
dase have no comparable effect. 

Treatment of cornea with H results in increasing 
affinity for acid dyes, probably because of formation 
of sulfonium groups.!?* 

Many substances injected into the cornea produce 
clinical lesions. A survey (not including vesicants) of 
these and others tends to dissociate the effects on 
isolated enzymes from lesion production. Some which 
have no effect on corneal metabolism produce lesions, 
some which affect isolated enzymes of the cornea do 
not affect the same enzymes in vivo, and some which 
affect respiration or glycolysis of surviving cornea 
produce no lesions when injected into the cornea 
in suu. "mo 

Exposure of supravitally maintained beef corneas 
to H vapor produced a 30 per cent drop in oxygen 
consumption, which becomes apparent 10 hours after 
exposure. Increase of exposure beyond a moderate 
dose produces no greater change. The rate of disap- 
pearance of lactic acid decreases immediately after 
exposure, but inhibition of anaerobic glycolysis de- 
velops only after long exposures and long incubation 
times. The threshold for severe clinical symptoms in 


MUSTARDS ON PROTEINS, ENZYMES, AND CELLS 


the rabbit eye is 1 per cent of that for inhibition of 
glycolysis in the surviving beef eye. Thus, inhibition 
of anaerobic glycolysis appears to bear no causal re- 
lation to the development of clinical symptoms.!?^ 
The increase of lactic acid in corneas exposed to H is 
due to an increased rate of its production in H-ex- 
posed corneal epithelium and can be inhibited by 
iodoacetate. The major portion of normal, metabo- 
lized corneal carbohydrate does not pass through 
lactic acid phase of the carbohydrate cycle.!*e 
Glycogen and phosphate fractions are but slightly 
affected by exposure to,H.!% The cornea utilizes 
pentoses, particularly ribose and xylose, at about 
half the rate that it uses glucose. Addition of ribose 
spares glycogen and lactate, and its utilization is 
inhibited by iodoacetate and fluoride but not by 
arsenite or malonate. Exposure of cornea to saturated 
H vapor for 10 minutes has no effect on ribose utiliza- 
tion. Only slight inhibition follows 20-minute ex- 
posures.!*! Pyruvate is used more rapidly than any 
other tested substance by cornea, but exposure to H 
does not effect this utilization. The reaction, which 
is not a simple decarboxylation, occurs in the epi- 
thelium and not in the corneal stroma.!*! Among 
products which might result from pyruvate, acetate 
and butyrate are used only slowly, but acetoin is 
used rapidly. H does not inhibit acetoin utilization, 
but does inhibit butyrate utilization.!* 

Exposure to H increases the nonprotein nitrogen 
content of beef corneas. One-half to two-thirds of the 
increase is in the form of amino nitrogen.!?" A 15- 
minute exposure produces a maximal effect which, 
however, is not evident until after a latency of 3- 
6 hours. The increase is independent of temperature 
from 28-35 C, but is only one-half as great at 13- 
18 C.1 The rate of disappearance of ammonia is not 
affected by H.'¢ The increased nonprotein nitrogen 
probably results from proteolysis.!? Al 


21.6 TISSUE CULTURES 


The effects of H and various other compounds 
on tissue cultures depend on the dosage. Large doses 
produce coagulation of cells, probably because of acid 
production.*** The general reaction to H or HN2 in- 
volves shrinkage of cells, withdrawal of fine processes, 
swelling of fat globules, and nuclear shrinkage.?? 
Smaller doses inhibit growth.** Products from the 
action of H or HN2 on fowl plasma are toxic to tissue 
cultures and inhibit wound healing in mice.??^.*:4 "The 
products are less toxic than the vesicant from which 
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they are formed, but it seems unlikely that the 
toxicity is due to residual vesicant since it is not re- 
moved by hot acetone extraction of the dried powder. 
Neither thiodiglycol nor HCI produces similar prod- 
ucts from plasma.?? HN32 inhibits the growth of 
chick embryo heart cultures and, at lower concen- 
trations, the peristaltic movements of gut fragments. 
The toxicity decreases during incubation. There is no 
differential susceptibility between epithelium and 
fibroblasts. The first observable changes are in mito- 
chondria.2? Bone marrow cultures from H-poisoned 
animals show abnormalities chiefly in the leucocytes 
and their mobile precursors. Cultures of normal 
bone marrow can be used to demonstrate protective 
action against H by various compounds.?? 


21:7 CARCINOGENESIS 


The induction of tumors in mice by car cinogenic 
hydrocarbons is inhibited by H 5 through a: local 
and nonpersistent action. That is, H and the hydro- 
carbon must be applied together to demonstrate in- 
hibition. The epithelial hyperplasia preliminary. to 
tumors is not affected. Among other compounds, H 
sulfone possesses the same ability to a lesser degree, 
but H sulfoxide does not possess it at all. 55° The 
anaerobic glycolysis of tumor mince is inhibited toa 
greater extent by H than is its respiration, 44 The ob- 
servations indicate to the writer that inhibition of 
mitosis may be the cause of the prevention. of de- 
velopment of tumors. 


21.8 PERMEABILITY 


The permeabilities of erythrocytes, of yeast,2%e 
and of the cornea 2% are but little, if at all, affected 
by H. In Nitella treated with 2 or 3 millimolés of H 
permeability is increased and turgor drops. The 
change is rapid and is not produced by the hydrolytic 
products of H." Corneal turgescence is reduced by 
the action of H 2 in vitro ?°>:4 and in vivo.2 Since 
the water content of corneal epithelium is modified 
by substances and treatments which do not. cause 
epithelial loosening, the two are not causally re- 
lated.» The presence of a capillary permeability 
factor (leucotaxine) in H-blister and lung edema 
fluid (phosgene produced) indicates that this sub- 
stance is liberated by tissues subjected to the action 
of chemical warfare agents. Its relation to the pri- 
mary events remains obscure.” 

The transformation of the shape of rabbit erythro- 
cytes from disc to sphere, which is produced by ex- 


ternal pressure and is perhaps related to permeabil- 
ity, is not modified by treatment with HN2. 


EFFECTS ON NUCLEI AND 
NUCLEAR ACTIVITIES 


CHROMOSOMAL MECHANISMS 


21.9 


The effects of H on chromosomal mechanisms have 
been studied with Drosophila melanogaster and with 
Tradescantia bracteata. Sublethal doses in drosophila 
reduce fertility by interference with meiosis and em- 
bryogenosis. The rate at which sex-linked lethals 
appear 1$ much increased over normal. Many chro- 
mosomal breaks and rearrangements appear.” A 
similar situation (with chromosomal breaks and frag- 
mentation) is found in H-treated pollen grain nuclei 
of T. bracteata. Severe effects are nuclear pycnosis 
and cell death. Surviving cells can divide and trans- 
mit chromosome abnormalities.» 


MriTOSIS IN MAMMALIAN CELLS 


In corneal epithelium, a small fraction (about 1 per 
cent) of the cells can be observed to be in mitosis at 
any given time. Application of H or HN2 diminishes 
the nuniber in mitosis greatly. The delay is in the 
onset of mitosis. Those cells which have begun the 
process (1.e., show a mitotic figure) pass through to 
division without delay. The doses required to produce 
this effect by direct application are much smaller 
(i.e., about 1/100) than those which suffice to cause 
clinical damage. Parenteral injection of HN2 suffi- 
cient to produce delayed death inhibits mitosis in 
intestinal mucosa and bone marrow, as well as in 
corneal epithelium. Recovery in the cornea occurs 
spontaneously after a slow development of maximum 
inhibition many hours after dosage at threshold 
levels.'** In spite of the inhibition of mitosis, healing 
of mechanically or vesicant-denuded areas of cornea 
occurs normally up to the time that the epithelium 
sloughs off. This healing takes place by migration of 
marginal cells, a process not inhibited by vesicants 
but inhibited by anoxia, iodoacetate, local anes- 
thetics, epinephrine, etc.!%* The effective doses for 
mitotic inhibition in cornea are far below the necro- 
tizing doses for H, HN2, and HN3, and at about the 
necrotizing dose for lewisite.!°* Higher doses than 
those which inhibit mitosis produce nuclear frag- 
mentation in corneal epithelium. The fragmentation 
is considered a form of pathological mitosis resulting 
from action of the vesicants on cells in a "premi- 
totic” State. 9v At any rate, those changes in the en- 
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vironment such as reduced temperature and anoxia 
which inhibit mitosis in normal cornea inhibit the 
development of nuclear fragmentation in vesicant- 
treated cornea.'!** In regenerating liver, where mi- 
tosis is active and inhibited by H,!* nuclear frag- 
mentation does not seem to result from vesicant 
treatment, indicating that the sequence of events in 
corneal epithelium is not general.!?v 


MirTosis IN MARINE EGGs 


The development of starfish eggs is inhibited by H 
in sea water.®® The effects of vesicants on mitosis 
have been studied in detail, using Arbacia punctulata 
eggs.!^ The observed effects depend on concentration, 
length of contact, and the time during the develop- 
mental routine at which contact occurs with vesi- 
cants. When suitably treated with vesicant before 
fertilization, delay occurs during the events occupy- 
ing the period between 55 and 75 per cent of the 
normal cleavage time (early prophase). This may 
correspond to the "'premitotie" state in corneal 
epithelium. The eggs reach the "streak" stage in the 
same time, whether treated or not, and pass from 
spindle stage to cleavage independently of dosing. 
The intervening time (streak to spindle) may be pro- 
longed eightfold. If the vesicant is applied for a 
limited period after fertilization, the delay in the 
first cleavage can be produced only by treatment be- 
fore 55 per cent of normal first cleavage time has 
elapsed, and is progressively less the closer to the 
time of cleavage as the treatment is applied. Appli- 
cation between 55 per cent of normal first cleavage 
time and 75 per cent of first cleavage time produces 
maximum delay in the second cleavage. Treatment 
at progressively later times between early prophase I 
and early prophase II produces less and less inhi- 
bition, until the second cleavage is not delayed by 
treatment at or after the latter time. The system be- 
haves as if a sensitive substance more or less specific 
to each cleavage had been variously protected or ex- 
posed to the vesicant during the development. The 
sensitive substance is not restored by resting before 
insemination and after treatment." 

Effectiveness in the reaction is greatest for HN3 
and progressively less for H, HN2, and formaldehyde. 
Formaldehyde is effective over a very narrow range, 
about 1-2 millimoles. Greater concentrations produce 
granulations and blistering of the cells after about 
2 hours. Abnormalities in divisions are evident in 
eggs treated more heavily than required for the 
above demonstrations, or when the development pro- 
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cedes in the presence of vesicant. Treatment of sperm 
has not been studied to so great an extent as the 
treatment of eggs. However, many abnormalities re- 
sult when normal eggs are brought into contact with 
treated sperm. Such sperm may enter eggs and, al- 
though they do not initiate the rise of a fertilization 
membrane, nevertheless prevent the entrance of more 
virile sperm which actively swarm about the eggs. 

As a result of treatment of arbacia eggs, the nuclei 
exhibit a three-fold increase in volume and abnormal- 
ities of development can be observed in stained 
sections.'* 


SWELLING PHENOMENA 


The nucleated ghosts prepared by saponin hemoly- 
sis of avian erythrocytes swell when placed in 6 per 
cent NaCl or in 0.1 per cent sodium dioctylsuccino- 
sulfate (Aerosol OT) in 0.9 per cent NaCl. These 
materials are solvents for nucleoprotein, but do not 
free it from the nucleated ghosts. The swelling of 
ghosts in Aerosol OT solutions is enormous (1.e., sev- 
eral hundredfold) but definitely limited. The mecha- 
nism of the swelling phenomenon is believed to be 
osmotic and dependent on the solubility of the nor- 
mally undissolved ® nucleoprotein in solutions of 
Aerosol OT and in 6 per cent NaCl. It is believed that 
solvent action on the nucleoprotein enhances the 
osmotic pressure of the nuclear contents and fluid is 
drawn into the nuclei which consequently swell until 
the hydrostatic pressure produced by the elastic re- 
sistance of the membrane balances the osmotic 
pressure.!? 

The effect of treatment with vesicants is to de- 
crease the swelling. On the above hypothesis, the 
vesicant either reduces the osmotic effect of the 
nucleoprotein or increases the rigidity of the elastic 
container. No effect indicating aggregation can be 
observed in the case of isolated nucleoprotein treated 
with H at the low concentrations necessary to in- 
hibit swelling of the ghosts. The second hypothesis is, 
therefore, the more probable. After reaction with 
vesicant has occurred, the inhibition of swelling is 
not reversible by resuspension or by treatment with 
thiosulfate. The inhibition requires time and its rate 
can be measured. It is accelerated at increased tem- 
peratures. The sensitivity to vesicants of the swelling 
phenomenon is greater than that of any other isolated 
manifestation of vesicant action.!® 

Intact erythrocytes are swollen and hemolyzed by 
Aerosol OT. The swelling is less sensitive to inhibi- 
tion by vesicants: 86 per cent swelling loss is pro- 





EFFECTS ON NUCLEI AND NUCLEAR ACTIVITIES 


duced when 870 X 10^! millimole of HN2 has re- 
acted per erythrocyte and when 7 X 10^ millimole 
has reacted per ghost; the corresponding figures for 
70 per cent loss are 360 X 10^" and 1 X 10^" milli- 
mole. The difference must be ascribed chiefly to the 
reaction with hemoglobin which is present in the 
intact cell but not in the ghost. The hemoglobin could 
properly be called the more reactive substance in the 
intact cell, but it is not important to the swelling 
phenomenon." 

Among substances which are not vesicants, cya- 
nide, iodoacetate, and fluoride ions have no effect; 
formaldehyde is effective in quite low concentrations 
(1.e., of the same order of magnitude as the vesi- 


cants). The damage by formaldehyde is. less. the . 


greater the concentration of nucleated ghosts, 
whereas with H, HN2, and HN3 the amount of 
damage is independent of the ghost concentration.» 
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Suspensions of lung, bone marrow, kidney, spleen, 
intestinal mucosa, and skin of rats and rabbits are 
swollen by Aerosol OT. The concentration of Aerosol 
OT required to produce maximum swelling is differ- 
ent for each tissue. In some cases (i.e., intestinal 
mucosa) the swelling ability is rapidly lost after 
preparation, whereas in others the capacity to swell 
is retained long enough to demonstrate that the tis- 
sues are sensitive to vesicants. For lung and bone 
marrow, the sensitivity is of the same order as for 
ghosts. In spite of the sensitivity of the isolated tis- 
sues, no decrease in swelling ability of the lung or 
bone marrow after D; or supra LD;, doses of HN2 
or HN3 to rats or rabbits could be demonstrated up 
to 4 or 5 hours after dosage. Various possibilities are 
considered in explanation, but the problem of the 
key lesion in vesicant injuries is not solved by the 
swelling phenomenon.” 





Chapter 22 
SYSTEMIC PHARMACOLOGY AND PATHOLOGY OF SULFUR 


AND 


NITROGEN MUSTARDS 


By William P. Anslow and C. Riley Houck 


29 1 INTRODUCTION 


HIS CHAPTER is a review of classified literature 
4 concerning the systemic pharmacologic and 
pathologic. actions of the sulfur and nitrogen mus- 
tards (8-chloroethyl vesicants). Attention is given 
chiefly to bzs(8-chloroethyl) sulfide (H), ethyl-bis(6- 
chloroethyl)amine (HN1), methyl-bzs(6-chloroethyl)- 
amine (HN2), trzs(6-chloroethyl)amine (HN3), and 
isopropyl-bis(8-chloroethyl)amine (TL 301). Data 
are included on additional compounds deemed perti- 
nent to the understanding of the action of the above 
compounds. 

Systemic injury by the 6-chloroethyl vesicants is 
that injury which results from distribution of the 
agents by way of the circulation. Thus, systemic in- 
jury always follows- parenteral administration, in- 
cluding skin application. In addition, it arises from 
oral administration. However, on inhalation, the 
development of systemic injury varies with the 
species, apparently depending on their size. In 
smaller animals in which the narrow upper respira- 
tory passages may absorb the vapor, systemic injury 
results only when the animals do not succumb to 
asphyxial death (edema of the glottis). In larger 
animals, including man, systemic injury following 
inhalation is rarely demonstrable. Here, the wider 
respiratory passages permit vapor to reach the lungs 
where damage resulting in extensive edema may pre- 
cipitate rapid asphyxial death. If rapid death is 
avoided, superimposed secondary infection may be 
the cause of delayed death in the absence of signifi- 
cant systemic injury. In this chapter inhalation is 
discussed only when it has involved systemic ab- 
sorption. 


22.1.1 Common Features of Systemic 


Effects 


Many features of systemic intoxication are com- 
mon to the £-chloroethyl vesicants. Following ad- 
ministration of LD; doses, animals show no immedi- 
ate injury but die of systemic intoxication in 70- 
140 hours (delayed death), and pathologic examina- 
tion of such animals reveals injury to the same tis- 
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sues, differences being recorded only in the intensity 
of the lesions. Therapeutic approaches to alleviation 
of systemic intoxication have attained no significant 
success, although some prophylactic procedures will 
prevent systemic injury. Systemic injury in man fol- 
lowing inhalation or skin exposure is infrequent and 
is a bad prognostic sign. 

In small animals given doses causing delayed 
deaths, no toxic effects may be evident up to 40 
hours, but the animal soon stops eating and drinking 
and rapidly loses weight. Muscular weakness and de- 
bilitation increase progressively until the animal is 
prostrate. Watery diarrhea appears, reflecting dam- 
age to the intestinal tract; there is a loss of control of 
body temperature, slowing and enfeeblement of 
respiration, and exodus may be preceded by convul- 
sive tremors which probably reflect cerebral anoxia. 

In the dog, nausea and vomiting accompanied by 
anorexia usually begin a few hours after intoxication 
and may persist with increasing severity through the 
second or third day, and diarrhea variably stained 
with blood makes its appearance by the second or 
third day. From the third to the fifth day, weakness 
appears, body temperature is reduced, the extrem- 
ities become cold, and the animal gradually goes into 
terminal coma. Death usually results from respira- 
tory failure which in turn is a consequence of pe- 
ripheral circulatory failure. 

The evidence for the existence of peripheral circu- 
latory failure consists of reduction in the volume of 
extracellular fluid, circulating plasma volume, total 
circulating red cell volume, total circulating plasma 
protein, and plasma chloride. Terminally there is a 
marked oxygen unsaturation of the jugular blood 
(arterial saturation presumably being normal). AI- 
leviation of some of the above changes by fluid and 
electrolyte replacement at terminal stages causes 
dramatic improvement. As this therapy fails to cor- 
rect underlying lesions, only transient benefit is 
achieved. 

Changes in some blood constituents, e.g., glucose, 
lactate, and pyruvate, are inconsistent and lack 
specificity, since they are associated with unrelated 
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disorders or experimental procedures. Changes in 
other blood constituents, e.g., albumin and globulin, 
nonprotein nitrogen, fibrinogen, inorganic phosphate, 
pentose, phosphocreatine, cholesterol, and other 
lipids, are more consistent. Such changes appear to 
possess some uniformity, since they are associated 
with a limited number of related traumatic proce- 
dures. In some cases, they are concomitants of periph- 
eral circulatory failure; in others, of infectious dis- 
eases, metabolic disorders, burns, ete. They possibly 
reflect some underlying functional disorder common 
to these various forms of injury. 

The 6-chloroethyl vesicants are cytotoxic agents 
capable, if present in sufficient concentrations, of 
killing any type of cell. However, when distributed 
in the body in the small amounts which are present 
after LD;, doses, the most sensitive tissues are the 
blood-forming organs (bone marrow and lymphoid 
tissue) and the intestinal mucosa. Bone-marrow in- 
jury consists of depletion of the granulocytic series 
and degenerative changes in the megakaryocytes, 
and culminates in aplasia. Lymphatic tissue injury 
in the spleen consists of fragmentation of lymphoid 
cells with phagocytosis of chromatin particles, and 
cellular depletion of the sinuses. In the thymus, cy- 
tolysis of the lymphoid cells of the thymic corpuscle 
and interstitial tissue occurs. Injury to the intestinal 
tract, particularly the small intestine, consists of de- 
struction of the mucosa with desquamation and ne- 
crosis of the epithelium, and hemorrhage in extreme 
cases. 

Injury to the blood-forming organs 1s reflected in 
changes in the circulating blood. The abrupt injury 
to the lymphatic tissue is paralleled by an early dis- 
appearance of lymphocytes from the blood. At the 
same time there is an absolute granulocytosis, the 
result of stimulation of the bone marrow, leading to 
the discharge of granulocytes into the circulation. 
This stimulating process may be completed at 24 
hours, so that blood counts at 24-hour intervals fre- 
quently show only a progressive leucopenia which 
reaches a maximum par? passu with other symptoms 
at 9 or 4 days. 

In surviving animals extramedullary hematopoi- 
esis may occur in the liver before regeneration occurs 
in the bone marrow and lymphoid tissue. Lympho- 
cytes recover before granulocytes, and marked hyper- 
plasia of the thymus and lymph nodes, parallel with 
this recovery, is histologically demonstrable. Regen- 
erative activity in the bone marrow may cause a dis- 
charge of immature granulocytes sufficient to raise 


abruptly the leucocyte count in the blood. Regener- 
ative activity may persist for weeks. 

The only prophylactic and therapeutic procedures 
which have attained any degree of success are those 
operating on the principle of internal decontamina- 
tion. Various substances (e.g., sodium thiosulfate and 
hexamethylenetetramine) which are known to react 
chemically with the 6-chloroethyl vesicants signifi- 
cantly alter mortality rate when given prophylacti- 
cally in doses sufficient to yield relatively high blood 
levels. The same substances are effective therapeuti- 
cally after skin contamination if treatment is initi- 
ated rapidly, i.e., before significant systemic absorp- 
tion occurs. It seems apparent that these procedures 
effectively decontaminate the agents in the blood and 
extracellular fluids and thus prevent entrance of the 
agents into the cell. Once a sufficient quantity of a 
8-chloroethyl vesicant has reacted with cells of the 
body, the damage is irreparable so far as existing 
knowledge goes. Thus all attempts at specific ther- 
apy, as well as of symptomatic therapy, have failed. 

In man there are few uncomplicated data indicat- 
ing systemic injury. Early vomiting, by some asso- 
ciated with systemic absorption, is believed to be 
nonspecific because it occurs in a variety of condi- 
tions involving skin trauma. Delayed gastrointestinal 
disturbances and leucopenia have in many cases indi- 
cated systemic intoxication. The frequency and pro- 
longed duration of the gastrointestinal disturbances 
possibly indicate an increased sensitivity of the hu- 
man intestine to the action of the 8-chloroethyl vesi- 
cants. On the other hand, the human hematopoietic 
system seems relatively insensitive, as judged by the 
rare appearance of leucopenia, usually present only 
in fatal cases. 


22.1.2 Individual Pharmacologic Actions 


Above LD;, doses, and sometimes at LD;, doses, 
certain characteristic pharmacologic actions are man- 
ifest, chiefly on the nervous system. They are readily 
elicited on intravenous administration, less readily on 
administration by other routes. 

Cholinergic action is possessed by both H and HN2, 
and is characterized by muscarinic action on glands 
and smooth muscle and nicotinic action on auto- 
nomic ganglia and skeletal muscle. In the case of 
both agents, peripheral stimulation of local effector 
cells appears to account for the muscarinic responses, 
although central excitation, apparently minimal, 
cannot be excluded. Cholinergic action is not con- 
sidered a factor in the development of the syndrome 
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leading to delayed death and is not responsible for 
late vomiting and diarrhea. Cholinesterase inactiva- 
tion is probably not involved in this cholinergic 
action. 

Parasympathicolytic action 1s shown by HN3 at 
small doses, as judged by paralysis of cardiac vagal 
fibers and antagonism of the action of parasympa- 
thomimetic drugs. A similar parasympathicolytic 
action of H, HN2, and TL 301 appears to be present 
in severe intoxication. 

Convulsive action is so distinctive of HN3 as to war- 
rant classification of this agent as a true convulsive 
drug. High doses of this compound given parenterally 
have an immediate, direct, intense convulsive action 
which results in death within 6 hours. Central stimu- 
lation is a property of H and HN2 at high doses, but 
the action is not similar to that of HN3. 

Paralytic action 1s possessed by both HN2 and 
HN3. This action is characterized by a progressive, 
irreversible muscular weakness and may cause death 
in a number of hours. 

Neurologic injury has been observed in animals in- 
toxicated with HN1 and HN2 by either gassing or 
intravenous administration, but never after intoxi- 
cation by other routes or with other agents. This in- 
jury has usually appeared about the third or fourth 
day in animals showing no other evidence of sys- 
temie intoxication. In extreme cases the injury is 
fatal, and among survivors hyperirritability persists 
for weeks. 


22.2 (8-CHLOROETHYL) SULFIDE 

(MUSTARD, H, DH, DHX) 
228A Pharmacology 
TOXICITY 


The parenteral toxicity of H for various species is 
shown in Table 1. For additional information on the 
toxicity of H, the reader is referred to the following: 
intraperitoneal administration to the mouse,!7>.?! 
rat," and dog;! oral administration to the rab- 
bit;5.5 intramuscular administration to the rab- 
bit ;!4 and application of neat H to the unclipped fur 
of the goat and rabbit.55 


DisTRIBUTION AND ExcRETION or H 


H penetrates the skin readily (see Chapter 23). 
A large part of that which has penetrated passes 
through the skin, into the circulation, and becomes 
available for producing systemic injury.? Thus ex- 
tirpation of the contaminated skin of rabbits ** and 
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rats *€ js efficacious in prevention of systemic injury 
and in saving the animals only if the procedure is 
carried out within 10-15 minutes after contamina- 
tion. Having entered the blood, H is rapidly dis- 
tributed to the tissues. Fifteen minutes after skin 
application of H containing S, the radioactive sulfur 
has been found in all examined tissues except the 
eye.?* Following the application of 5 mg of radio- 
active H to the skin of the rat, 0.17 mg was dis- 
tributed throughout the organism within 30 minutes. 
This amount is more than an LD;5o dose given intra- 
venously.!34 

Under conditions which permitted tracing an aver- 
age of 85 per cent of the 5% applied to the skin of rats 
as H, the concentration of 55 in the tissues reached 
maximum values between 2-6 hours and thereafter 
decreased until fairly steady values were reached at 
24—72 hours.'?* At all times the concentration in any 
one tissue was found to correspond closely to the 
average concentration in all tissues, except in the 
kidney which consistently showed higher concentra- 
tions. A concentration of S? significantly higher in 
the bone marrow than in lung, liver, kidney, and 
brain has been reported ?*^ to follow skin contamina- 
tion with radioactive H. However, this important 
observation has not been confirmed in other labora- 
tories.!%4.e.123 In the blood the concentration rose 
during the first 6 hours and fell thereafter until a 
secondary increase, possibly related to hemoconcen- 
tration, occurred at 48 and 72 hours. During the 
first 6 hours the concentration of S? in the plasma 
was higher than in the cells, but at 12 hours and 
thereafter the situation was reversed. The total 
urinary excretion in 72 hours contained 50 per cent 
of the applied 5%, the greatest fraction having ap- 
peared in the first 24 hours.'?*° The excreted product 
was in the neutral sulfur fraction of the urine.'?^ 

When a solution of radioactive H dissolved in tri- 
acetin was injected intravenously, S% was found in 
the urine !9* and bile !9e within 10 minutes. Urinary 
exeretion paralleled urine formation. At termination 
of the longest experiment (7 hours) the 5* concen- 
tration in the urines was still high. The highest total 
excretion was obtained in one experiment of 4 hours' 
duration and amounted to 22 per cent of the 5® in- 
jected. In the bile 7 per cent of the injected S9 was 
excreted within 3 hours; the maximum concentration 
occurred between 20 and 30 minutes. The excreted 
product was not identified. At the end of the experi- 
ment (314 hours), the contents of the stomach and 
small intestine contained relatively small quantities 
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TABLE 1. Parenteral toxicity of H for various species. (LD5 in mg/kg). 
PG = propylene glycol ca. = approximately ing. = ingestion 
TG = thiodiglycol inj. = injection or injected neat = undiluted 
Route Intravenous Subcutaneous Cutaneous 
Animal | LD;, | Ref. | Solvent | Remarks LDso Ref. Solvent Remarks LD;o; | Ref. | Remarks 
0.05 ml 26 23n PG 0.1 ml/20 g 
Mouse 8.6 23n PG soln per 30 21 Neat 92 23k 
20g mouse | 20t030| 84 Tributyrin 
0.7 | 293n| PG |0.1ml/200¢g 1ml/200g | ca.18 | 23k |Site, back; 
———————| 32 230 PG inj. in ing. pre- 
3.3 230 | Neat flank vented 
20 17b T 
Rat 0.5 m1/200 g |.————— — 
9.0 23n PG inj. in 11 123a I 
flank —— 
5—6 65 | Possible 
=e o eMM ing. 
1 ml/200 g — — 
7.4 230 Sesame oil inj. in >168 37 | Site, tail§ 
flank 
1 ml/200 g 
5.0 23p | Sesame oil inj. in 
back 
1 ml/200 g 
8.5 23p | 95% alcohol inj. in 
back 
5.2 230 Neat Flank 
2-5 84 Tributyrin | Vol. and site 
not stated 
103 123a 0.2% soln 
2.4 230 PG 0.5 ml/kg 20—30 84 Tributyrin ca. 100 23k | Ing. pre- 
-— - vented 
ea. 1.1| 283p TG 0.5 ml/kg —— —— 
EV a di 40-504 | 116 Ing. pre- 
Rabbit 3.6 230 | Neat Rapid inj. vented 
4.5 230 | Neat Slow inj. 10-15 || | 104a 
5-10 || | 104a 
Guinea ?20—40 84 Tributyrin 20-25 65 
pig 
Dog 0.2 56f TG In a vol. 5-10 || | 104a 20 65 
of 1-2 ml | | — ————— 
1-2 || | 104a 
Goat 40 84 Neat 50 65 






















































































* The value 1.6 mg/kg is given for H dissolved in sesame oil, but the toxicity of H in corn oil or in liquid paraffin was found to be similar. 

1 To prevent excessive evaporation, the site was covered for 15 minutes at which time decontamination by scrubbing with ether was carried out. 

t The animals were anesthetized during the application and kept so until the agent was no longer visible on the skin. 

$ Earlier 1238 the LDso for H applied to the tail of rats was reported as 14 mg/kg. With ingestion prevented, 1/4 rats died of unknown causes follow- 
ing application of 168 mg/kg of H to the tail. 

|| The value is stated to be "minimum fatal dose." No details are given. 

*| This value amends an earlier value, 10-15 mg/kg, but the amended value remains lower than the American value. 
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of S? which must have been excreted into the gut by 
some route other than the bile. 

The kidney, liver, and bone marrow showed an 8? 
content higher at one hour than at 2%, 4, and 12 
hours, whereas the peak concentration in the lung 
occurred at 4 hours. The concentration in bone mar- 
row and intestine at 1 hour was comparable to that 
in the liver, but remained lower than that in the kid- 
ney and lung.!94e^ At 1 hour only a very small 
quantity of S was found in the thyroid, heart 
muscle, skin, hair, and in a representative sample of 
skeletal muscle.!??h 

At 1 hour the distribution ratio of S? between 
cells. and plasma (concentration in cells/concentra- 
tion in plasma) was 0.38, and the total quantity of S* 
in the cells and plasma was 10 per cent of that origi- 
nally injected. The concentration in the cells re- 
mained approximately constant. However, the con- 
centration in the plasma decreased until at 4 hours 
the above distribution ratio rose to 0.54. After 4hours 
the plasma concentration remained fairly constant. 
When a solution of radioactive H in triacetin was 
added to whole blood in vitro, the distribution ratio 
at 12 hours was nearly the same as that at 12 hours 
in vivo. However, in the early stages (20 minutes) 
in vitro, the concentration of S* was higher in the 
cells than in the plasma, a circumstance which gave 
a distribution ratio of 1.7.!94.* A considerable portion 
of the S** (mainly in the plasma) was extractable by 
means of ether and acetone.!9??h 


GRoss CLINICAL OBSERVATIONS 


The systemic action of H in experimental animals 
and man has recently been reviewed.®:!! When given 
to most laboratory animals parenterally, H in supra- 
LDs, doses can cause salivation, vomiting, defeca- 
tion, bradycardia, and arrhythmia followed by tachy- 
cardia, increased respiratory rate, vagal paralysis and 
partial heart block, psychomotor restlessness, ataxia, 
hyperexcitability, and convulsions and death within 
a few hours. The symptoms and period of survival 
vary somewhat with dosage and route of administra- 
tion. At LDs59 doses in various species death is de- 
layed, usually until the third or fourth day, during 
which time notable systemic effects are consistently 
demonstrable. Salivation, vomiting and defecation 
or diarrhea, and (in mice and rats) secretion of red 
tears may follow immediately upon intoxication. 
Presumably these changes arise from a parasympa- 
thomimetic action which may or may not reflect a 
“cholinergic” action on the end organs. These acute 
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effects should be distinguished from the delayed 
vomiting and persistent diarrhea which are probably 
attributable to local intestinal lesions. Intestinal 
hemorrhage may cause a bloody diarrhea which is 
rare in rodents but often seen in dogs, goats, and 
cats. Two additional and invariable signs of intoxi- 
cation are anorexia, probably referable in part to in- 
testinal injury, and weight loss. The weight loss is 
not due entirely to anorexia, 9 considerable part re- 
sulting from loss of electrolyte and water in the 
diarrhea, vomitus, and possibly urine. This condition 
is analogous to that seen in intestinal obstruction, 
cholera, and dysentery, where fatal oligemia can re- 
sult in from 3-5 days. The symptoms vary with the 
species. Gastritis and enteritis with diarrhea may not 
appear in rodents, except after oral administration 
or after licking topically applied H; however, the 
stomach and small intestine are often distended and 
filled with a yellow viscous material.929k.!mn.365,e, 
27a,47,52,53,55c,56d ,e,70,86,93,104d,1050,1062,d,121,123a ,0,125,126 

After skin application of supra-LD;5, doses in dogs, 
in many instances a period of increased neuromuscu- 
lar excitability is followed by one of depression, and 
convulsions do not appear at all, although salivation 
and defecation are present.!%¢ This neuromuscular 
excitability is not associated with a low blood level 
of total or ionic ealcium.!96d 

Anesthesia may influence symptomatology and 
survival time in dogs after intravenous injection of 
supra-LD;) doses. Bradycardia and hypotension, 
which appear early in dogs under barbital anesthesia 
or morphine sulfate and are evanescent, are seen only 
preterminally in conscious dogs. Although anesthesia 
abolished retching and vomiting, the dogs survived 
only 4-6 hours, whereas conscious dogs lived 3- 
4 days.964,e | 

In goats, within a few hours after skin application 
of a sub-LD;, dose of mustard, the local edema may 
be so severe that a reduction in plasma volume, 
hemoconcentration, and a shock-like state result. 
These developments are accompanied by leucocy- 
tosis, a slight to moderate rise in plasma nonprotein 
nitrogen (NPN), and a transient increase in respira- 
tory rate and rectal temperature. After reaching a 
peak at 16 hours, all the above values return to nor- 
mal by 24 hours. Plasma transfusions given soon 
after intoxication prevent the above changes.” 

Gassing with massive doses of H vapor results in 
virtually the same clinical changes as intoxication by 
parenteral injection or cutaneous application.55c.194d.e 
However, salivation, vomiting, and weight loss did 
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not occur when the head of a dog was protected from 
H vapor, while only the bodv was exposed.!94.e 


BLOOD STUDIES 


A reduction in the number of white blood cells as 
well as various biochemical changes in the blood fol- 
low parenteral injection or cutaneous application of 
LD5 or greater doses of H. Blood platelets are mark- 
edly decreased in severely intoxicated dogs, but ap- 
parently not in other species.58 The red blood cells 
are apparently little affected. The reduction in 
white blood cells involves both granulocytes and 
lymphocytes. This leucopenia affords a good index 
of the severity of intoxication and possibly weakens 
the defense of the animal against infection. It may 
be preceded by leucocytosis lasting a day or more.®: 
26c ,e ,43 ,47 ,52 56d ,e,f ,58,65,70,93 ,108,122 In animals gassed with 
H, leucocytosis, leucopenia, and lymphopenia may 
or may not occur. Respiratory tract inflammation 
due either to the direct action of H or to superim- 
posed bacterial infection may frequently produce a 
leucocytosis at a time when leucopenia would other- 
wise appear.5.16h ,23z 55e, 80 

A hemoconcentration indicated by increased red 
blood cell count, per cent hemoglobin, and hema- 
tocrit may rapidly follow intoxication. This has been 
observed in various species after parenteral, topical, 
and vapor intoxication.5:47.564,69,7008 As a rule, the 
hemoconcentration is less striking in rabbits than in 
other species.5^? In surviving animals, at a time 
when the leucocyte count may be returning to nor- 
mal or above, a progressive anemia may occur,9?.70.108 
with no alteration of the reticulo-endothelial sys- 
tem. In rabbits and dogs this anemia frequently re- 
sembles the idiopathic or benzene type. The hema- 
tocrit, per cent hemoglobin, and red blood cell count 
decrease with no change in the color index, mean 
corpuscular volume, or diameter as measured by the 
Price-Jones method.®?:791°8 Thus it appears that the 
marrow produces fewer red cells for a time, and that 
in some instances the cells are immature.®?:791°8 The 
delayed anemia may reflect an initial injury of the 
erythroblastic tissue which, because of the longer 
life of the red cells, is not evident during the first few 
days of intoxication. Intestinal hemorrhage may also 
contribute to the anemia. Since red cells are readily 
digested, the stool may not be frankly bloody except 
in extreme instances. Hemosiderosis, typically pres- 
ent, indicates a marked destruction of red cells in 
the body. 

Definite changes can be demonstrated in blood ob- 
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tained from intoxicated animals. An increased sedi- 
mentation rate of red cells, increase in coagulability 
of the blood, and an increased tendency to agglutina- 
tion of cells have been observed. Red cell fragility is 
not altered. These changes are marked after LDso or 
greater doses of H injected parenterally. Markedly 
increased agglutination may indicate that the 
changed properties of the red cells contribute to in- 
creased cell destruction 2n vivo as well as to the ulti- 
mate circulatory failure which appears to be the 1m- 
mediate cause of death.5 An increase in sedimentation 
rate of red cells has also been found in rabbits from 
24 hours to 4 days after cutaneous applieation of a 
sub-LD;, dose of H. In many instances the sedimen- 
tation rate returned to normal concomitantly with 
healing of the cutaneous lesions. It is believed that 
changes in the plasma were responsible, because 
normal corpuscles in plasma of treated animals sedi- 
mented faster than corpuscles of treated animals 
in normal plasma. 

Biochemical studies of blood reveal no definite and 
significant changes in blood creatinine, bilirubin, in- 
organic phosphate,!’ total acid-soluble phosphate, 
phosphate liberated from ATP in the blood,” and 
calcium (total or ionic)!%¢)* after parenteral intox1- 
cation with LD;, doses of H. On the other hand, 
fairly consistent changes have been noted in plasma 
protein, NPN, urea, chloride, glucose, pentose, cho- 
lesterol (total and free), phospholipids, fibrinogen, 
phosphocreatine, phosphopyruvate, and lactic acid. 
Less consistently and definitely, alterations occurred 
in blood phosphatase,!?? CO.-combining power,®! 1” 
and the albumin-globulin plasma protein ratio 
(A/G). 12,3443 44,52, 55a 56d ,f,h ,57¢,58,66,70,93,96,106d ,122 

Total plasma protein concentration decreases in 
rabbits and goats after skin application of H 7° but 
after intravenous injection may increase in dogs and 
cats within 214 hours,**!1%4 or remain constant in 
rabbits. An increase in the volume and specific 
gravity of thoracic duct lymph is associated with 
hemoconcentration and increased protein concen- 
tration in dogs and cats after intravenous intoxica- 
tion.5*f:1%d The A/G ratio does not consistently change 
in rabbits,’ dogs, and cats,**f1%¢ but decreases in 
goats." 

An alteration of the electrophoretic pattern of 
plasma has been reported. A decrease in the albumin 
fraction and an increase in the a-globulin fraction 
with no consistent or marked changes in the remain- 
ing globulin fractions occurred in dogs severely in- 
toxicated with H by all routes of administration, or 
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with HN1, HN2, or HN3 (only intravenously intoxi- 
cated animals studied). These changes in the electro- 
phoretic pattern appear to be nonspecific, because 
they were present also after burning and freezing the 
skin, exposure to X rays, bone fracture, and intra- 
dermal injection of turpentine. The patterns were 
unlike those seen in many infectious diseases.*® 

A rise in NPN (chiefly urea) after parenteral in- 
toxication usually occurs as the animal grows weak 
and loses body weight but sometimes appears only 
terminally. !?:55'.57¢,70,93 Tt serves, at least in rats and 
rabbits, as a sensitive indicator of intoxication, cor- 
relating well with outward manifestations of tox- 
icity.” This rise is not seen after intraperitoneal or 
intramuscular injections in rabbits,*: or after in- 
halation in rats ” and dogs.*4 

Plasma chloride usually decreases, the extent de- 
pending on the dose and route of administration.” :**» 
43 52 ,56f ,122 

The following studies have not been informative: 
blood glucose levels, 12:84, 4.62 b6s,1 noh ,o7¢c 58,96 and oral 
and intravenous glucose tolerance.59..f.2 

A threefold rise in blood pentose occurs in dogs 30— 
60 minutes after intraperitoneal injection of a supra- 
LD; dose of H. The rise is not definitely related to 
the increased hematocrit or glucose, but parallels the 
increase in plasma inorganic phosphate. It is not 
prevented by three units of insulin given intrave- 
nously 30 minutes before intoxication.*’>° 

Total cholesterol increased in severely intoxicated 
dogs.58 It increased simultaneously with an increase 
in blood NPN in rabbits after intravenous injection, 
and in rats after intraperitoneal injection.” A sig- 
nificant prolonged rise in plasma fibrinogen occurred 
in goats after skin contamination '? and in rats and 
dogs after intravenous injections.9* A striking corre- 
lation between the increase in fibrinogen and both 
free and total cholesterol has been observed in dogs 
after intravenous injection and cutaneous applica- 
tion of H. A rise in plasma phospholipids paralleled 
the rise in total cholesterol. These same changes oc- 
curred in HN1, HN2, and HN3 intoxication.*® A de- 
crease in phosphocreatine and an increase in phos- 
phopyruvate and lactic acid occurred in rats gassed 
by exposure of only the body ” and after skin appli- 
cation.?* The pH of the blood did not change in 
gassed dogs.* Arterial oxygen saturation fell to 75 per 
cent 45 minutes after supra-LD;, doses of H given 
intravenously to dogs under barbital anesthesia, al- 
though the lungs at death were not edematous or 
engorged.94 After gassing, arterial oxygen unsatura- 
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tion ean result from direct respiratory injury and 
may conceivably lead to the death of the animal.?* 


DEFINITIVE STUDIES BASED ON GROSS CLINICAL 
OBSERVATIONS 


Parasympathetic Nervous System. |. Parasympa- 
thetic activity is believed to be responsible for the 
salivation, lacrimation, miosis, defecation, brady- 
cardia, hypotension, and the early vomiting and 
diarrhea seen after H intoxication. This overactivity 
might result from (1) increased discharge in efferent 
fibers elicited reflexly or by central stimulation, or 
(2) from a direct action of H on peripheral effectors. 
Evidence for the peripheral action of H is as follows: 
(1) denervation of the salivary glands does not pre- 
vent the stimulating action of H on salivation,!99s 
(2) atropine, except in very large doses given before 
intoxication, does not prevent salivation,99d.e.104e 
(3) vagotomy does not prevent bradycardia, hypo- 
tension, or the increase in motility of intestine 2n 
situ,®4 e104 (4) miosis, typical of a general parasym- 
pathetic discharge, may be absent, and (5) H re- 
versibly depresses the contractility of both the nor- 
ma] and atropinized isolated frog heart.!*» 

During H poisoning there is an electrical hyper- 
excitability of the vagus (muscarinic effect) followed 
by paralysis (atropine-like effect). In the dog given 
intravenous H or exposed to H vapor, there is a 
marked depressant effect of H on the heart, decreas- 
ing the force of contraction of both auricles and 
ventricles, and impairing A-V conduction, sufficiently 
in some instances to produce partial A-V block. The 
arterial blood pressure slowly falls and the heart may 
resume its normal rate. At this stage or before, the 
heart does not respond to strong vagal stimulation. 
With convulsive doses of H, the blood pressure rises 
during a seizure, and falls again afterward. It de- 
creases fairly rapidly before death. In the cat at this 
stage the intravenous injection of a strong dose of 
acetylcholine produces a marked rise in blood pres- 
sure. H, therefore, has a clear atropine-like effect in 
the advanced stage of poisoning. The muscarinic 
effect is characterized in the earlier stage when 
atropine fails to antagonize the effect of H and the 
heart remains slowed. However, if atropine is in- 
jected in large doses before H, the muscarinic effect 
on the heart is suppressed.!9?2.104,108 

It had been postulated that the action of H might 
be due to a slow accumulation of acetylcholine re- 
sulting from the inhibition of cholinesterase in the 
body.!99 4 However, the fact that atropine can abolish 
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the cardiac slowing produced by the injection of 
acetylcholine but not that produced by H intoxica- 
tion seems to indicate that the slowing after H is 
not due to the accumulation of acetylcholine. 

Barbital, ethyl urethane, sodium pentobarbital 
(Nembutal), sodium amytal, ether, and sodium bro- 
mide were effective in eliminating vomiting in dogs 
after intravenous H. Sodium amytal appeared most 
promising, for it prevented all vomiting with only 
slight general depression of the animal.*® 

H stimulates the secretory activity of the salivary 
glands of dogs and cats. This is due probably to an 
action on the gland itself, inasmuch as the phenome- 
non remains unaltered after section of the secretory 
nerves. During poisoning there is a hypersensitivity 
of the chorda tympani (a muscarine-like effect) fol- 
lowed by a progressive paralysis (an atropine-like 
effect) 59e. f 1042 ,106a,109 

H injected subcutaneously in a wide range of doses 
stimulates the secretion of gastric juice in conscious 
dogs. Since essentially the same response is elicited in 
animals with no vagal supply to the stomach (Heiden- 
hain pouch dogs) as in animals with a vagal supply 
(Pavlov pouch dogs), the stimulation is more prob- 
ably due to a direct stimulation of the secretory cells 
via the circulation than to reflex excitation through 
the vagus.!%* H (and HN2-HCl) produce secretions 
from the cannulated stomach and duodenum of de- 
capitated and decerebrated cats. These were true 
secretions and not transudates and, when once 
started, could not be prevented but merely reduced 
and made more viscous by large doses of atropine.” 
Direct application of H to the gastric mucosa of dogs 
with Heidenhain pouches depressed acid secretion 
but increased the volume of fluid.!%> This flow was 
not copious nor continuous and so did not resemble 
the flow of intestinal secretion observed after direct 
application of H to the intestinal mucosa.!%+ This 
circumstance suggests the possibility that the stimu- 
lation of gastric secretion after parenteral injection 
may not be due to H itself, but indirectly to some 
sequel of H intoxication.1%> Histamine has been sug- 
gested.7? 

The increase in the external secretion of the pan- 
creas, starting about the same time as salivation in 
cats and dogs (under ether or chloralose anesthesia) 
after the subcutaneous administration of H, was not 
antagonized by atropine, given before or after in- 
toxication.'5* A detailed quantitative study in dogs 
under different conditions (after ligation of the 
pylorie valve or the common bile duct, or after sec- 


tion of the cervical vagi) suggests that this response 
may be due to both an indirect action through 
secretin, and a direct action of H on the gland 
cells. 104h ,109 

H, unlike the parasympathomimetie drugs, pilo- 
carpine, eserine, and acetylcholine, fails to increase 
the secretion of bile.%1%109 However, it directly 
stimulates contractions of the gall bladder resulting 
in discharge of bile.!94h.109 

A stimulation of secretion from the small intestine 
was produced by parenteral injections 79:1 or direct 
application 1% of H to the intestinal mucosa of cats 
and dogs. This secretion was qualitatively different 
from that obtained from normal animals; it was pink, 
turbid, odorless, had a low chloride and protein con- 
tent, little or no buffering power, and only a small 
amount of diastase activity. Thus it was difficult to 
ascertain whether this was a true secretion of the 
mucosa or simply a transudate resulting from an in- 
creased permeability of the mucosa.! 96a 

The motility of isolated loops of dog small in- 
testine with or without vagal connections is in- 
creased.!5* Intestinal motility produced by vagal 
stimulation is gradually depressed. However, H does 
not alter the response of segments of rat jejunum to 
pilocarpine, adrenalin, and atropine added to the 
suspension baths.*® After direct application of H in 
sublethal doses, the motility of isolated loops of in- 
testine may be initially depressed, then stimulated, 162 
or initially stimulated and then depressed,!® gradu- 
ally returning to normal in either case. 

Water and Electrolyte Metabolism. The early obser- 
vations that H has a marked effect on water and 
electrolyte metabolism in the dog 7 have been con- 
firmed recently.” In dogs given 1 mg/kg of H 
intravenously, a negative water balance accompanied 
by increased intake appeared during the first 24 hours 
and continued until death on the third or fourth day. 
Tissue water content did not change, and the de- 
creased serum chloride and CO.-combining power in- 
dicated that severe diarrhea rather than vomiting 
was the chief factor in the dehydration.** 

When elimination of water and electrolyte loss 
from the bowel was attempted by partial enterectomy 
in fasting dogs * the subcutaneous injection of 2-4 
LD; doses of H resulted in (1) a retention of water 
without chloride during the first 24-hour period, 
followed by (2) the excretion of approximately the 
same volume of extra water during the second 24- 


^ Removal of small intestine from opening of pancreatie 
duct in the duodenum to the ileocecal valve. 
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hour period. This cyclic upset of water balance was 
not dependent upon an increased intake of water, and 
was not due to retention of extra water overnight in 
the stomach or colon as a result of interference with 
their functions by H. An increased rate of weight 
loss, Increase in nitrogen and chloride excretion, and 
a negative fluid balance were present only when 
diarrhea and vomiting occurred (in 3/7 dogs), sug- 
gesting that the factor of prime importance in weight 
loss after H is the loss of fluid from the bowel, rather 
than an increased tissue catabolism.) In this study 
no account was taken of the possible role of the 
kidney which others have considered significant in 
intoxication by the -chloroethyl vesicants. (See 
"Special Studies on HN3 Intoxication,” Section 
22.6.1.) 

In rats given an intraperitoneal injection of H and 
in rabbits given H intravenously, urine uric acid and 
creatinine excretion were normal. The total nitrogen 
remained normal or showed a slight increase despite 
the marked fall in food intake, indicating enhanced 
endogenous catabolism of protein. Urine NPN 
(chiefly urea) decreased, the low point in urea coin- 
ciding with the peak in blood NPN (chiefly urea). 
The undetermined nitrogen increased at the expense 
of the urea fraction and was not due to ammonia 
excretion. There was an increase in inorganic phos- 
phate, but chloride fluctuated. A phenol red excretion 
test indicated an impairment of renal function by the 
third day and correlated well with toxic symptoms.” 

In rabbits given a sub-LD;, dose of H cutaneously, 
the urine urea output increased markedly, associated 
with an increased blood urea, but remained constant 
in fasting normal animals. The increased output was 
associated with a decreased urine volume. The creati- 
nine output, remaining constant in fasting normal 
animals, rose slightly for the first 2 days after in- 
toxication, then fell along with body weight. Micro- 
scopic examination revealed no kidney damage.7? 

The intravenous injection of urea (1 g/kg) soon 
after the skin application of H to dogs under sodium 
barbital anesthesia produced diuresis resulting in 
anhydremia and hemoconcentration with no ap- 
preciable change in the blood pressure, or in excre- 
tion, plasma level, or clearance of urea. Later, as the 
circulatory system failed and the blood pressure de- 
creased, a similar injection of urea resulted in oliguria 
with a rise in plasma urea and a decrease in the urea 
clearance. It is apparent from the above experiments 
that up to a certain limit renal function after H in- 
toxication is normal. However, even though the 
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blood pressure does not fall, in moderate degrees of 
hemoconcentration the kidney in H intoxication ap- 
pears to be less capable of eliminating increased 
amounts of urea than under normal conditions. This 
suggests a partial failure of peripheral circulation 
with a normal blood pressure.?? 

A significant decrease in plasma volume has been 
observed in goats and rabbits after cutaneous intoxi- 
cation by LD; doses of H.7?9* In dogs, after intra- . 
venous injection, total erythrocyte volume was re- 
duced although plasma volume remained normal.59^ 

From urine and blood studies and gross clinical 
observations, it 1s evident that after parenteral in- 
toxication with LD;, doses of H, exsiccation and 
oligemia occur after the second or third day when loss 
of electrolytes and water in the diarrheic stool, vomi- 
tus, and urine and/or accumulation of fluid in the 
stomach and intestines have reached severe propor- 
tions. It is possible that loss of plasma protein in the 
stool contributes to the exsiecation.* 

In H-gassed dogs, urine analysis revealed only 
slight alterations in volume, specific gravity, sugar, 
albumin, chloride, titratable acidity, total nitrogen, 
urea, ammonia, and creatinine. A phenol red excre- 
tion test was normal.? In rats exposed to H vapor 
(body only), a parallel increase in excretion of in- 
organic phosphate and total nitrogen occurred, sug- 
gesting in this instance an intracellular origin of 
nitrogen.56h 


PROPHYLAXIS AND THERAPY OF SYSTEMIC 
INTOXICATION 


Prophylactic and therapeutic procedures aimed at 
the reduction of mortality and the prevention or 
alleviation of systemic symptoms due to H have on 
the whole been unsuccessful. Mortality was not af- 
fected by the following procedures initiated before 
intoxication: atropine, eserine, and ascorbic acid in- 
jected subcutaneously prior to the subcutaneous 1n- 
jection of H ;!*! and certain compounds with high 
competition factors (see Chapter 19) as well as other 
compounds, many containing sulfur, injected intra- 
peritoneally immediately prior to cutaneous applica- 
tion of LDs9 or greater doses of H.1°.?84,92,105a F{ow- 
ever, mortality was reduced by the intraperitoneal 
injection of crude biotin * and certain compounds 
with high competition factors immediately before 
cutaneous application of H. Administration of crude 
biotin 2 hours before contamination produced a slight 
reduction in mortality which was not apparent when 
pure crystalline biotin was used in place of the crude 
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preparation. This circumstance could have resulted 
from a beneficial effect of an impurity in the crude 
material. A 40 per cent reduction of mortality at- 
tended the prophylactic use of sodium monoethane 
dithiophosphonate, potassium diethyl dithiophos- 
phate, potassium diethane dithiophosphonate, hexa- 
methylenetetramine (HM T), sodium thiosulfate, and 
potassium thioacetate.!?.9? 

Many procedures initiated after intoxication have 
not affected mortality. Fluids, balanced salt and 
sugar intravenously and subcutaneously, or the 
intravenous infusion of amino acids” did not re- 
duce the mortality or otherwise affect systemic 
symptoms in dogs due to the intravenous injection of 
LD; or greater doses of H. Atropine in large single 
or repeated doses injected into rats, rabbits, guinea 
pigs, cats, and goats after contamination with or in- 
jection of H (or HN2) failed significantly to influence 
mortality, although survival time increased.” BAL 
given intraperitoneally to rats 6 hours after the intra- 
venous injection of H actually enhanced the toxicity 
instead of exerting any protective action.?« Other 
chemical compounds including some with high com- 
petition factors had only a very slight effect on 
mortality when injected intravenously or intraperi- 
toneally 0-5 minutes after cutaneous application of 
1-2 LD; doses of H.57.?? 

Leucopenia, likewise, has not yielded to prophylac- 
tic or therapeutic procedures. Pentnucleotide is in- 
effective."! Rabbits were not protected from the 
leucotoxic effect of an intravenous injection of H by 
the following substances given intravenously 3 days 
before intoxication: liver extract, morpholine deriva- 
tive of H, thiodiglycol, amino derivatives of H, 
thiourea addition product of H, half xanthate of H, 
potassium dixanthate derivatives of H, sulfonium 
salt of H, sodium diethyldithiocarbamate, sodium 
bisulfate, sodium sulfide (alone or after sodium 
nitrite), sodium bisulfite, thiourea, zinc thiocyanate, 
lipoid-rich serum globulin fraction, urotropine, and 
sulfanilamide.?94 e 

In dogs intoxicated intravenously by LDs5» or 
greater doses of H, the hypotension which developed 
was only temporarily improved by the intravenous 
injection of pituitrin and large amounts of adrena- 
lin 564.t.2 


Neither weight loss nor diarrhea were affected by 


b A mixture of synthetic amino acids 54.5£z^ and Amigen 
(an enzymatic casein hydrolysate) or an acid hydrolysis of 
animal tissue were used. Amigen may actually increase 
mortality and the incidence of leucopenia.” 
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the subcutaneous administration of adrenal cortical 
extract, desoxycorticosterone acetate, or ascorbic 
acid in rats contaminated with LD; doses of H.* 

In certain species (guinea pigs, rats, and goats), 
atropine in large single and repeated doses reduced 
the weight loss after H and HN2, especially H, but 
did not alter hemoconcentration, leucopenia, or 
mortality. Diarrhea in cats and goats was not pre- 
vented by continued atropinization.*?? Other attempts 
to eliminate systemic symptoms believed to be due 
to overactivity of the parasympathetic nervous 
system have already been described above under 
‘Definitive Studies Based on Gross Clinical Obser- 
vations.”’ 


MISCELLANEOUS STUDIES 


Occlusion Experiments. Occlusion of the blood 
supply to various organs may prevent injury by H 
to the tissues involved. In the rabbit, occlusion of the 
abdominal aorta and a mesenteric artery during and 
for 15 minutes following the intravenous injection 
of 4 mg/kg of H dissolved in propylene glycol pro- 
tected the femoral marrow and that portion of the 
ileum supplied by the clamped vessel against the 
action of H.73* The results in the rabbit show that 
the action of H is rapidly completed after injection. 
No support is apparent in these experiments for the 
prolonged circulation of derivatives of H which might 
act over long periods and thus account for the delayed 
appearance of some lesions. 

In the rat, partial protection was afforded the 
femoral marrow against a dose of 1 mg/kg by occlu- 
sion of the abdominal aorta during and for 15 minutes 
following the intravenous injection of a solution of H 
in propylene glycol. This procedure was ineffective 
against a dose of 2 mg/kg of the same solution. Oc- 
clusion for periods up to 60 minutes did not protect 
the femoral marrow against a solution of H in thio- 
diglycol at doses of 1 and 2 mg/kg.”*°.s:1%> The failure 
ot occlusion to protect against the solution of H in 
thiodiglycol is unexplained. 

The successful protection by occlusion depends on 
the time during which H circulates in a free form in 
the blood. In the intact animal, presuming a homo- 
geneous solution of H in the blood, the disappearance 
of H is measured by (1) its reaction with water and 
other constituents of the blood, and (2) its diffusion 
out of the blood. Reaction 1 has been measured zn 
vitro and found to vary with the species.!?s.5.22,?8 [m 
rabbit blood, in vitro, the half life of H at 37 C is 14 
minutes.?* The half-life in vivo is certainly less than 
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14 minutes, since H is disappearing as a consequence 
of reaction 2 as well as of reaction 1. 

Effect of Lipemia on Survival Time. Lipemia fol- 
lowing ingestion of olive oil 3 hours before intoxica- 
tion by LD; doses of H subcutaneously or intrave- 
nously may hasten death in rabbits.*® 

Colloidal Gold Curve of Cerebrospinal Fluid. Typical 
human tabetic colloidal gold curves of cerebrospinal 
fluid (cysternal puncture at 3 hours, 72 hours, and 7 
days) were obtained in goats gassed at L(Ct)s50 doses 
(Ct = 2,520 mg min/m?, t — 3 hours) of H indicating 
possible involvement of the central nervous system. 
Rabbit curves were altered, but less typically.*! 

Tissue Analyses and Weight of Organs. In male rats 
given sub-L.D;9 doses of H cutaneously, the ascorbic 
acid content of the adrenal glands decreased and 
liver glutathione increased, no change occurring in 
liver and spleen ascorbic acid, or adrenal and spleen 
glutathione.9? In the rat after intravenous injection, 
adrenal ascorbic acid did not change, but total 
cholesterol decreased with a marked increase in the 
per cent of free cholesterol.®® (See Section 22.5.1 for 
detailed analyses of adrenals after H intoxication. ) 
In the rat after intravenous injection of H (also HN1, 
HN2, or HN3) there was no change in liver lipids and 
prothrombin time, but liver glycogen increased. In 
dogs clotting times were not constant.*5 There is no 
decrease in the acid-soluble phosphate of skeletal 
muscle on the first day after gassing, and a small but 
significant decrease on the third day 9*59! in rats 
gassed at a Ct of 7,500 mg min/m?, fasted from 20-22 
hours beforehand, and given no food but water ad 
libitum. Further analysis of muscle on the first or 
third day after gassing (animals given pentobarbital 
anesthesia prior to killing) showed no change in total 
glycogen or inorganic phosphate. Phosphocreatine 
and readily hydrolyzable phosphate were unchanged 
on the first day, then decreased on the third day. 
Lactic acid changes were indefinite.** Total body 
protein, NPN, carbohydrate, neutral fat, ash, and 
water were not selectively depleted in rats dying 84 
hours after intoxication by subcutaneous H, although 
body weight was reduced.*** The weight of the gastro- 
intestinal tract of fasted rats on the third day after 
body-only exposure to H vapor was greater than that 
of fasting normal animals.**":' Both groups showed 
the same decrease in total body weight, weight of 
liver, heart, spleen, kidneys, and muscle on the first 
and third days. Brain weight did not change.**^ 

Sensitization to H. No sensitization to H, as judged 
by mortality, body weight loss, and pathology, re- 
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sulted from the repeated intravenous injections in 
dogs of from 0.05-0.5 mg/kg of H, 2-5 times at 
30-day intervals?» Rats did not develop a greater 
toleranee or an increased sensitivity to H after 
several weeks of daily ingestion.! 

Effect of H on Magnestum-Sensitized Animals. 
Subanesthetic doses of magnesium (60 mg/kg), or of 
manganese and calcium, potentiate the toxic action 
of an LD5 dose of H subcutaneously in mice, similar 
to the action of magnesium on adenine nucleotide 
toxicity and traumatic injury. One ml of plasma re- 
moved from H-intoxicated dogs at frequent intervals 
after intoxication and injected into mice sensitized 
with magnesium produced only occasional deaths. 
Either the dose was too small or breakdown of the 
toxic compound was too rapid.5™ The serum of rats 
and rabbits intoxicated with H contains no factor 
which inhibits the oxygen consumption of Trypano- 
soma equiperdum, indicating the absence of histone 
bodies (the toxic proteins liberated by the breakdown 
of nucleoproteins) and protamines.!?-174 

Elimination of Bile from Intestine. Elimination of 
bile from the intestine by producing a biliary fistula 
did not prevent the development of gastrointestinal 
congestion and hemorrhage, diarrhea, or leucopenia 
after subcutaneous injection of LD;, doses in dogs, 
rabbits, and goats.” 

Effect of Diet. Varying the fat content of the diet 
did not alter the mortality or clinical symptoms in 
rats receiving lethal or sublethal doses of H mixed 
with their food. 

Effect of Climate on Toxicity. The symptomatology 
and survival time of mice after subcutaneous ad- 
ministration of H were not affected by alteration of 
temperature and humidity during the period of 
intoxication.?! 

Capillary Permeability. H was found to be a 
lymphogogue of the first class, causing an increase 1n 
lymph flow from the thoracic duct in dogs.'°? How- 
ever, the rate of disappearance of Evans blue dye 
from the blood was decreased, suggesting a decrease 
in the loss of albumin.**f An increase in permeability 
of the capillaries of the small intestine of the rat to 
trypan blue has been suggested since the intestines 
were more deeply stained with this dye than were 
other organs or those of normal animals.!** A capil- 
lary permeability factor, believed not to be histamine, 
but identical with or similar to the leukotaxine iso- 
lated by Menkin from nonvesicant inflammatory 
exudates, has been isolated from vesicant blister 
fluids produced by H (and HN2) and from the prod- 
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TABLE 2. Systemic effects in rats of LD;, doses of H. 


These data are an average of data reported in detail. The abbreviations iv, sc, cut, and gas represent intravenous, sub- 
cutaneous, cutaneous application, and exposure of the whole body to the vapor, respectively. In the cases of intravenous 
and subeutaneous administration, the H was dissolved in propylene glycol. 


N Lesion Total 
EN. systemic Lymphoid Myeloid Weight 
Route \, injury atrophy injury Leucopenia Enteritis loss 
Iv Moderate Severe Moderate Severe Moderate Moderate 
Se Moderate Moderate Severe Moderate Severe Moderate 
Cut Mild Mild Mild Mild Mild Moderate 
Gas Mild Mild Mild Moderate : Absent Mild 


ucts obtained by incubating plasma and serum with 
H.* Of interest in this connection is the observation 
that leukotaxine, which is rapidly destroyed by 
normal serum, is not destroyed by serum from rabbits 
after either skin contamination with H or thermal 
burning.°® A capillary permeability factor has been 
demonstrated in rabbit corneas 20—24 hours after ex- 
posure to liquid H.” H increases the permeability to 
dyes of the salivary glands and pancreas but not of 
the choroid plexus and meninges, resulting in the 
elimination of indigo carmine via the saliva and 
pancreatic juice.194s.h 

Cross-Transfusion Experiments. Cross-transfusion 
experiments have provided no evidence for a circulat- 
ing toxic principle early after intoxication. A normal 
dog was cross-circulated with an intoxicated dog 30 
minutes after receiving a supra-LD;, dose of H in- 
traperitoneally when all traces of H had disappeared 
from the blood. In every instance, the cross-circu- 
lated normal animal survived while the injected 
animal died.°”4 


22.2.2 Systemic Pathology of H Intoxication 


The pathologic changes which result from the 
systemic action of H consist of the following: 

1. Injury to the intestinal tract, primarily the 
small intestine, consisting of destruction of the 
mucosa with desquamation and necrosis of the 
epithelium, and hemorrhage in extreme cases. 

2. Injury to the bone marrow, with depletion of 
the granulocytic series and degenerative changes in 
the megakaryocytes, culminating in aplasia. 

3. Lymphatic tissue injury consisting of frag- 
mentation of lymphoid cells in the spleen with 
phagocytosis of chromatin particles and cellular 


* [n addition to these lesions, there may be added leuco- 
penia and weight loss, both of which have been considered 
earlier in this chapter. 


depletion of the sinuses, and cytolysis of the lymphoid 
cells of the thymus and interstitial tissue. 

These lesions were recognized by the investigators 
of World War I, but their origin and interpretation 
by the early workers differs somewhat from present 
ideas. There is no reason to suppose that injury to 
the leucoblastic organs is lethal in itself, although 
leucopenia may be considered an unfavorable prog- 
nostic sign (particularly in man) and it possibly 
weakens the organism’s defense against infection. 
The cause of weight loss, which usually represents 
the most severe lesion, is not completely explained, 
and it has been shown repeatedly that anorexia con- 
tributes to, but does not entirely account for, weight 
loss. The available evidence points to the intestinal 
lesion as highly significant in causing death. Vomiting 
and diarrhea, by the consequent loss of electrolytes, 
water and protein, can lead to progressive exsiccation 
and oligemia. The latter in turn can precipitate 
circulatory failure, and death results from medullary 
asphyxia or possible cardiac failure. The earlier view 
that enteritis was secondary to neurogenic injury or 
possible local irritation has been abandoned in favor 
of a local cytotoxic action. The latter presumably 
accounts for myeloid injury and undoubtedly will be 
shown to be the ultimate cause of weight loss. How- 
ever, the presence of other lesions of lethal magnitude 
in LD5 doses of intoxication are not certainly ex- 
cluded. 

The literature on the systemic action of H up to 
August 1, 1943 * and on the cytotoxic action of H ™ 
has been reviewed. Additional reports concerned with 
the systemic pathology are available.4.56h 126 

For producing visible systemic injury in rats, H is 
superior at LDs, doses to the other 8-cbloroethyl 
vesicants (HN1, HN2, and HN3) when admin- 
istered intravenously or subcutaneously. However, 
the systemic injury which follows cutaneous applica- 
tion and gassing is relatively mild. Table 2 shows the 
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intensity of total systemic injury and of individual 
lesions in the rat following LD;, doses. 

In the rat at sub-LD;, doses, no lesions were ob- 
served following skin application except a mild weight 
loss, and after intravenous administration lesions 
were infrequent and generally mild. However, fol- 
lowing subcutaneous injection, the lesions were only 
moderately reduced compared to those following L Ds, 
doses. Lymphoid atrophy was mild, myeloid injury 
moderate, leucopenia severe, and enteritis and weight 
loss moderate. 

In intravenously intoxicated animals, lung damage 
has been reported by investigators of both World 
Wars. Following intravenous injection of a solution 
of H in either propylene glycol or thiodiglycol, the 
lung injury involves diffuse pulmonary congestion 
and edema, but when neat H is given rapidly, graver 
necrotizing and hemorrhagic lesions ensue.” Pul- 
monary injury is not typical of all parenteral routes 
of administration, and it seems apparent from the 
experiments quoted above that lung injury occurs as 
a result of the localization of particulate H in the 
pulmonary capillary bed. 

Hemorrhagic lesions in the stomach have been re- 
ported by some investigators, but generally under 
conditions where oral contamination may have oc- 
curred. 8.28 

Among the dogs which died in a shock-like condi- 
tion following the skin application of a solution of H 
in motor oil, significant systemic lesions failed to de- 
velop. The only pathologic observations were moder- 
ate splenic necrosis in 2/11 animals and hemoglobin 
casts in the renal tubules in 3/11. Red cells were 
found in the tubules in one and in the capsular spaces 
of the glomeruli in another. Fatty changes were 
present in the tubular epithelium, being severe in the 
distal portion of the convoluted tubules.*7 


Some Observations on Human 
Intoxication 


A review of the evidence from soldiers gassed or 
burned by H in World War I indicates that essen- 
tially the same systemic effects as seen in experi- 
mental animals were present in varying degrees.*.! 
Vomiting, appearing shortly after exposure, 1s in- 
variably present after intoxication by mild doses. 
However, more delayed gastrointestinal disturbances, 
namely anorexia, epigastric pain, persistent gastric 
intolerance, constipation, or, in more severe cases, 
diarrhea, which recur in many clinical descriptions, 
depend on the severity of injury from gassing or skin 
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contamination. Anorexia and gastric intolerance may 
extend over a period of months, leading to extreme 
cachexia and asthenia and prolonged convalescence, 
with return of appetite considered one of the best 
prognostic signs. A feeling of constriction of the 
chest, loss of weight, and increased body temperature 
also have been reported. Various neurological dis- 
turbances may occur and consist of the following: 
frontal headache, drowsiness and lethargy, apathy, 
somnolence interrupted by states of excitement, 
tremor, and, in some cases, sudden deep coma with 
or without terminal motor paralysis. However, cen- 
tral nervous system injury appears only in the most 
severe cases of intoxication. Comments on circulatory 
changes seem uncertain. Bradycardia is present early 
in intoxication. Tachycardia and hypotension appear 
later, indicating circulatory insufficiency.*®:33.54,98,114, 
118 ,127—133 ,135 

In masked volunteers exposed to H vapor, vomit- 
ing is a much more marked symptom in the tropics 
than in temperate zones.*.!27 “In temperate climates, 
severe vomiting is usually only observed with the 
comparatively rare fulminating cases; in the tropics, it 
is à usual feature of even moderately severe cases. !?7 
In gassed volunteers masked and wearing protective 
clothing, vomiting may occur with comparatively 
small doses (Ct = 400 mg min/m?) and can be 
violent, frequent, and prolonged with somewhat 
larger doses (Ct — 660 mg min/m?).?7? Nausea and 
vomiting may be present without evidence of oral 
intoxication !?7!5 or persistent intestinal disturb- 
ances.! Nausea, vomiting, anorexia, and persistent 
intestinal disturbances may be absent in volunteers 
sublethally gassed under tropical conditions ?* and 
in men accidentally suffering H third-degree burns," 
and may occur without any evidence of enteritis. A 
leucotoxic action need not be associated.!!?:1!3.15 
Since nausea, vomiting, and depression can be elicited 
by an inflammatory reaction produced by radiation, 
trauma, or fire burn, these symptoms do not offer 
prima facie evidence of systemic intoxication by 
mustard, at least in man. They are more likely a non- 
specific response to skin damage." 

Men accidentally suffering prolonged skin con- 
tamination by a mixture of liquid H in oil showed 
evidence of systemic intoxication, namely, increased 
body temperature, hypotension, increased pulse, and 
apathy, but no other symptoms of peripheral circula- 
tory failure, such as restlessness, anxiety, acute 
distress, or cold extremities.99?/99 A similar clinical 
picture appeared in men accidentally contaminated 
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with liquid H.?7,99.15,u5,139 Detailed clinical histories 
of H fatalities are available.59.60,98,99,112,113,115,139 Ty the 
case of men contaminated by a mixture of liquid H in 
oil, some deaths occurred as early as 18 hours after 
contamination before there were marked visual evi- 
dences of skin damage. Individuals appearing in good 
condition except for hypotension (40-60 mm Hg), 
conjunctivitis, and skin erythema, within a matter of 
minutes became comatose and rapidly died without 
showing any prognostic signs. Failure of the periph- 
eral vascular bed seemed profound in severe cases; 
in any event, the patients were incapable of respond- 
ing to shock therapy, i.e., the administration of warm 
fluids, plasma transfusions, and morphine. Injections 
of adrenalin, other vasotonics, and coramine gave 
only vague transient effects. Circulatory failure was 
considered primarily peripheral, inasmuch as the 
hypotension was severe without marked tachycardia 
and respiratory changes, and inasmuch as the diastolic 
pressure in surviving cases was highly labile, never 
rising to a level comparable to the rise in the systolic 
pressure.59.60 

Marked leucopenia and loss of reactivity of the 
bone marrow, which are observed in experimental 
animals after parenteral intoxication with LD;, doses 
of H, are seen in man only in the most severe cases of 
intoxication. In masked volunteers, sublethally ex- 
posed under temperate or tropical climatic condi- 
tions to liquid H or to H vapor (Ct of from 50-760 mg 
min/m?), there is a moderate to marked leucocytosis 
appearing as early as 4 hours !3 or later ** and con- 
sisting essentially of increases in neutrophilie poly- 
morphonuclear leucocytes and lymphocytes. In some 
instances this was followed by a mild to moderate 
leucopenia,?5 but more frequently by a continued 
gradual increase in neutrophilic polymorphonuclear 
leucocytes and lymphocytes, with no demonstrable 
change in eosinophilic or basophilic polymorphonu- 
clear leucocytes or large mononuclear leucocytes.*: 
129,130,139 ‘There appeared to be no correlation between 
the severity of the resultant burns and changes in the 
white cell count, nor with toxic symptoms such as 
vomiting, headache, nausea or anorexia,!29:3° and 
leucocyte changes may be absent, although nausea 
and vomiting occur.? Blood changes after exposure 
under tropical conditions have been observed in 
gassed volunteers at Ct’s very much lower than would 
be considered necessary to produce them under tem- 
perate conditions.'*! Unprotected men splashed by 
H had a marked leucocytosis on the first day, drop- 
ping to normal by the eighth day, but no leucopenia.” 


Irritation cells (Türck) have been found, indicating 
an upset of lymphopoietic tissue.!™ 

In fatally intoxicated men, a marked leucopenia of 
300 was noted 12 hours before death in one instance !2 
and on the tenth day (9 days before death) in an- 
other." In the latter instance, leucopenia was possi- 
bly influenced by the use of sulfathiazole. A marked 
leucocytosis was noted in many of the cases at 
Dan." Fatally contaminated men usually de- 
veloped a severe leucopenia reaching levels as low 
as 50 cells/mm? by the third or fourth day in many 
instances. 

Little change in the red cell count has been noted 
in volunteers exposed to various amounts of liquid H 
or H vapor. The relatively long life period of the red 
blood cells tends to maintain the cell count through 
the acute illness, while exsiccation, where present, 
may produce hemoconcentration in the face of possi- 
ble erythroblastic injury. As in experimental animals, 
anemia may follow after a considerable delay.’ 
Hemoconcentration, seen on the day of admission in 
men contaminated by H in oil, was corrected by the 
second or third day in those individuals surviving 
this period, and, therefore, can be considered an un- 
important factor in subsequent delayed deaths.59.9 
A decrease in red cell count has been reported in 
other fatalities.°°"’ Thrombocytopenia has not been 
observed in men severely burned by H, although it 
has been reported after intravenous intoxication by 
HNS:*! 

A decrease in coagulation time in gassed soldiers 
was noted in World War I ™! and has been confirmed 
in this war #°18 in volunteers exposed to liquid H 
under tropical conditions. These observations suggest 
an interference with liver function. Exposure to 
liquid H by contact in field observers resulted in an 
accelerated sedimentation rate in each of three 
cases.’ 

Analyses of urine from men intoxicated by H are 
few and very incomplete. A trace of albumin was 
occasionally found in the urine of Bari casualties but 
there was no hematuria.* In a man suffering con- 
tamination of 85 per cent of his body surface with 
liquid mustard, the urine 137 hours after exposure 
(37 hours before death) was acid, bilirubin positive, 
and contained considerable albumin but no red 
cells.1!? 

The literature on the pathology in humans fatally 
exposed to H has been reviewed up to August 1, 
1943.8 Since that time additional information has 
accrued. Exclusive of damage to the respiratory 
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tract, a summary of the microscopic pathology of a 
fatality resulting from vapor exposure is as follows: 
acute ulceration of the first part of the duodenum; 
cloudy swelling, congestion (possibly post mortem 
changes) and cast formation in the kidney; cloudy 
swelling and early necrosis in the liver (possibly post 
mortem changes); distension of the spleen with red 
corpuscles; depletion of lymphoid tissue in the spleen, 
mesenteric, inguinal, and preaortic lymph glands 
with lymphoblastic proliferation; and disappearance 
of granulocytes and myelocytes from the bone mar- 
row.!> In spite of the severe systemic damage sus- 
tained by this casualty, death did not occur until 
early on the thirteenth day. Death was precipitated 
by lung edema which followed and was possibly re- 
lated to the slow-drip, intravenous blood and fluid 
therapy inaugurated late on the tenth day. There 
was no late vomiting, and a late constipation occurred 
as the result of the duodenal ulcer and possibly a 
paralytic ileus. Diarrhea appeared, however, on re- 
lief of constipation by means of a turpentine enema, 
but was under control the day of death. 

After exposure to liquid H, another casualty died 
at 174 hours during an attack of pulmonary edema 
with marked cyanosis which followed within 2 hours 
after a transfusion of whole blood. A marked leuco- 
penia (300 cells/mm?) was present 12 hours before 
death, but macroscopic examination showed normal 
red marrow in the femora, humeri, vertebral bodies, 
and sternum, and only the tibia was without 
red marrow. No microscopic pathology was re- 
ported.!?? 

It is debatable *?:4? to what extent systemic injury 
contributed to death in men exposed to H in the oil- 
water mixture at Bari. Blast injury, respiration of 
foreign material, secondary infection, and prolonged 
immersion were superimposed on the effects of ex- 
posure to H. Unfortunately, no sections of intestine 
and bone marrow from the victims were prepared for 
histological examination. Therefore it is difficult to 
assess systemic injury. However, severe systemic in- 
jury is indicated in at least some instances by a pro- 
found leucopenia. Some significance was attached to 
renal injury.*® This injury consisted of tubular casts 
of hemoglobin and calcium, with degeneration and 
necrosis of adjacent tubular epithelium. However, 
these lesions were not sufficiently extensive to have 
caused renal insufficiency. The specificity of the 
kidney damage has been questioned,"? and renal 
lesions have never been seen in experimental 
animals. 
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DERIVATIVES OF AND COM- 
POUNDS RELATED TO H 


22.3 


In Table 3 the toxicities of some of the derivatives 
of H and compounds related to H are tabulated. A 
compound with an LD; by subcutaneous injection 
<25 mg/kg arbitrarily is considered toxic; >25 
mg/kg, nontoxic. 


B-CHLOROETHYL B-HYDROXYETHYL SULFIDE (CH) 


Large doses of CH in propylene glycol given intra- 
venously in mice produce rapid death during the 
transient but nonlethal convulsions produced by the 
volume of propylene glycol used. CH produced en- 
teritis, congestion, and increased hematopoiesis of 
the liver and injury to the lymphoid organs, with 
enlargement and congestion of the adrenal glands.?* 
CH produced sensory and motor paralysis of the 
limb used for the intramuscular injection in rats and 
was toxic by this route (ZDs5) = 0.5-1.7 mg/kg) 1%» 


THIODIGLYCOL (TG) 

Thiodiglycol, unlike H, has no effect on the cardio- 
vascular system; 1.e., it does not increase blood pres- 
sure or heart rate, and does not alter vagus nerve 
irritability when given intravenously to dogs or 
rabbits.10451 


B-CHLOROETHYL f-| bs(8-HvpRoxvETHYL)SULFO- 
NIUM | ETHYL SULFIDE CHLORIDE (H-1TG) 


Analysis of extractables in pig skin tissue formed 
by the action of radioactive H (H*) in vivo shows 
that H-1TG* sulfonium salt comprises about 2.5 
per cent of the radioactive material present. When 
0.0008 M H* was reacted with blood plasma for 30 
minutes at 37 C, 2.4 per cent of the added H* went 
to H-1TG*. Of the extractables formed, 3.1 per cent 
was H-1TG*, and 4.5 per cent of the H which re- 
acted went to H-1'TG*.? 

H-1TG has no neurotoxie action even in large 
doses administered subcutaneously.*! The absence of 
a leucotoxic effect of H-ITG chloride in LD;, doses 
in rodents constitutes a notable difference in the 
action of this compound and that of H. In mice and 
rabbits, moderate to severe enteritis, mild necrosis 
of the liver, injury to lymphoid tissues, especially the 
spleen, and mild to moderate adrenal congestion are 
seen without any bone marrow injury.?* In rats large 
doses of H-1TG as the picrylsulfonate produce 
marked diarrhea, loss of body weight, and essentially 
the same pathologic changes as the chloride.?« In 
dogs a slight leucopenia follows the intravenous ad- 
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TABLE 3. Toxicity of derivatives of and compounds related to H. 


N.T. = Nontoxic by screening study 


T. = Toxic by either screening or definitive study 


Scr = Screening 
Def = Definitive 
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A compound with an LD; by subcutaneous injection «25 mg/kg arbitrarily is considered toxic; >25 mg/kg, 


nontoxic. 


Compound examined 


A. Compounds arising from the hy- 
drolysis of H 

1. B-Chloroethyl 6-hydroxy- 
ethyl sulfide (CH) 

2. Thiodiglycol (TG) 

3. B-Chloroethyl 68-[b:?s(8-hy- 
droxyethyl)sulfonium ] 
ethyl sulfide chloride 
(H-1TG) 


4. bis[bis(8-Hydroxyethyl)sul- 


foniumethyl] sulfide di- 
chloride ( H-2TG) 


9. B8-Hydroxyethyl 8-[bis(8-hy- 


droxyethyl)sulfonium ] 
ethyl sulfide chloride 
(CH-1TG) 


B. Synthetic sulfonium compounds 


1. Methyl-6zs(8-hydroxyethy])- 


sulfonium chloride 
2. tris(8-Hydroxyethyl)sulfo- 
nium chloride 


chloride 
4. B-Chloroethyldimethylsul- 
fonium chloride 


C. Compounds arising from the oxi- 
dation of H 


1. bis(B-Chloroethyl) sulfoxide 
(H sulfoxide) 

2. Divinyl sulfoxide (TL 907) 

3. B-Chloroethyl-o,8-dichloro- 
ethyl sulfoxideT 


4. bis(8-Chloroethyl) sulfone (H 


sulfone) 
5. Divinyl sulfone 


6. bis(8-Hydroxyethyl) sulfone 


D. Replacement or addition deriva- 
tives of above compounds 


1. Ethyl 6-chloroethyl] sulfide 

2. Divinyl sulfide 

3. bis(8-Pyridiniumethyl) sul- 
fide 


4. Diamide of bis[ 8-(3-carboxy )- 


pyridiniumethyl] sulfide 
dichloride 
5. CICH;CH;- 
S 


T 
SCH.C H5-S-P( OC; H;5)» 


tris(8-Chloroethyl)sulfonium 


Remarks 


INI: 
INS IS 


ei Ger) 


INS TS 


INS ILE 


NIS 
INI. 


INS 15 
IN X LAS 


T. (def) 
INL: 


T. (scr) 
Nels 


INSIST 


Neurotoxic 


INS IA 


T. (scr) 


* Pathology and pharmacology described in text. 


T Classification arbitrary. 


References 


23t 
23q 


23q,U,X, 
aa, 76 


16i, 23f 


291 


20e 
20e 
160,p, 20e 


16f 


16d 
161 


16n 
23p, 107 


23p, 107 
57a 


17b 
63 


20], 23s 
238 


20k 


17c 


Compound examined 


S 
mel 
SL CH;CH;-S-P( OC5;H ;)s.1» 
O;S( CH;CH3S;03N a)» 
Phenyl-bis(8-chloroethyl- 

thioethyl)amineT 
Methyl-b?s(8-chloroethyl- 
thioethyl)amineT 
10. bis(8-Pyridiniumethyl) sul- 
fone 


olo 


2 


11. Reaction product of divinyl 
sulfone and /-proline 

12. bis(8-Hydroxyethylthio- 
ethyl) sulfone 

13. bis(8-Hydroxyethyl)thiaza- 
nium dioxide picrylsul- 
fonate 

14. Vinyl[8-(bzs(8-chloroethyl)- 
amino )ethyl ] sulfoneT 


15. Reaction product of divinyl 
sulfone and strychnine 


16. Reaction product of divinyl 
sulfone and brucine 


. Q, compounds related to Q, and 


derivatives of Q 
1. 1,2-bis(8-Chloroethylthio)- 
ethane (Q) 
bis[ 8-(8-Chloroethylthio)-a- 
methylethyl] ether 
3. 1,2-bis[bis(8-H ydroxyethyl)- 
sulfoniumethylthio Jethane 
dichloride (Q-2TG) 
4. g-Chloroethyl-1,4-dithiane- 
sulfonium chloride 


Pv 


5. B-Hydroxyethyl-1,4-dithi- 
anesulfonium chloride 

6. Vinyl-1,4-dithianesulfo- 
nium chloride 

7. B-Pyridiniumethyl-1,4-di- 
thianesulfonium dichlo- 


ride 
CHCH» 
A + 
8. S SCH,CH.2S8,03 
CH;CH; 


Remarks 


T. (ser) 
NIT 


NZIS 

T. (scr) 

NE TX 

Nonneuro- 
toxie 


INTE 
NGL: 


Nel. 
T. (def) 


Neurotoxic 


Nonleuco- 
toxic 
T. (def ) 


Neurotoxic 


IN: TD 


eter sen 
N.T. 


ING LS 


N.T. 


Ne 


IN. b: 


ING Ls 


NEL 
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201 
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160,p, 201, 
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fIn thiodiglycol. The University of Chicago Toxicity Laboratory reports LDs50<10 after subcutaneous injection in mice of suspension of Q 
in either gum tragacanth, acacia, or mineral oil.16i The “minimum lethal dose” of an oil solution given subcutaneously in guinea pigs is from 40-50 


mg /kg.127 
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ministration of H-ITG as the chloride or picrylsul- 
fonate.?°¥ 7 


bis| bis(8-HyDROXYETHYL)SULFONTUMETHYL | SUL- 
FIDE DICHLORIDE (H-2TG, TL 510) 


LD; doses of H-2TG produced delayed death in 
mice, after intravenous or subeutaneous administra- 
tion, and in rabbits, after intravenous administra- 
tion. In the rabbit the compound has a leucopenic 
action,?f possibly resulting from its dissociation to H 
in the body. Although nontoxic (LD; 9 administered 
subeutaneously, approximately 200 mg/kg), this 
compound caused rapid death with convulsions when 
given to mice in large doses (350-500 mg/kg) .?°:*! 

Given to rabbits intravenously in lethal doses, 
H-2TG produced prostration, ataxia, copious rhi- 
norrhea and salivation, and slow, deep respiration. 
Massive hemorrhage and edema appeared in the 
lungs in animals which died within 24 hours. There 
was a marked leucopenia with little change in 
erythrocyte count.?5e 


bis(8-CHLOROETHYL) SULFONE (H SULFONE) 


When given to rats and mice intravenously or 
subcutaneously, H sulfone has a marked parasym- 
pathomimetic action.” After subcutaneous or in- 
traperitoneal injection in large doses in mice, excessive 
lacrimation and salivation occur with marked 
tremors prior to death, rigor mortis rapidly follow- 
ing. The tremors were not alleviated by the intra- 
peritoneal administration of atropine. Glutathione 
injected intraperitoneally prevented death from a 
lethal dose of this compound.? H sulfone has a 
pharmacological action unlike H on the cardiovascular 
system !?^! and on the salivary glands.!?* H sulfone 
at a dose of 60 mg/kg intravenously in dogs caused a 
decrease in blood pressure and a slight modification 
of vagus nerve irritability, but did not alter the heart 
rate.!9i Supra-L.D5, doses produced severe pulmonary 
injury. With lower doses there were no pathologie 
changes.?» A marked leucocytosis occurred in rabbits 
the second day after the subcutaneous administration 
of 20 mg/kg, counts returning to normal by the sixth 
day.© In mice, cats, and rabbits gassed with H sul- 
fone, there was present slight diffuse pneumonitis, 
lymphorrhexis in the thymus glands, lymph nodes, 
and spleen, and slight parenchymatous degeneration 
of the convoluted tubules in the kidney. Depletion of 
the red pulp of the spleen and the hematopoietic 
tissue of the bone marrow was not complete at the 
time of death.” Following the intravenous administra- 
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tion of 5 mg/kg of radioactive H sulfone, the distri_ 
bution of S% in various tissues at 1 hour was quali 
tatively similar to the distribution of S* after intra- 
venous administration of H or H sulfoxide. However, 
after H sulfone was given, the S% content in the liver 
was much lower than that prevailing after the other 
two compounds.The amount of fixed S?» in most of 
the tissues was considerably higher than after H or 
H sulfoxide. A considerable amount of S* appeared 
in the urine.!%! 


DIVINYL SULFONE 


Divinyl sulfone has a marked parasympathomi- 
metic action.”? Intravenous injection in dogs and 
cats rapidly produced a transient period of hyper- 
tension, followed by a progressive hypotension, cessa- 
tion of salivary secretion, and a progressive decrease 
in the irritability of the chorda tympani. This action 
is quite different from that of H and its oxidation 
products.!% 

supra-LD;, doses produced severe pulmonary in- 
jury. With lower doses pathologic changes were not 
apparent.» A moderate transitory leucocytosis but 
no leucopenia appeared in rabbits after intramuscular 
intoxication. 


bis(G-CHLOROETHYL) SULFOXIDE (H SULFOXIDE) 


H sulfoxide injected subcutaneously or intraperi- 
toneally in mice caused ascites, edema, lacrimation, 
and salivation,? but appeared to be less toxic than 
H sulfone or H. 

Studies utilizing H sulfoxide containing $* showed 
that the sulfoxide is distributed in the same fashion 
as H except for the particularly high 5% content in 
the gall bladder bile compared with that in blood 
and other tissues.!%! 


DIVINYL SULFIDE 


Divinyl sulfide given subcutaneously to dogs (no 
record of dose) produced local and systemic dis- 
turbances. The urine contained very large amounts 
of blood casts and bile pigments, and a copious pre- 
cipitation of albumin was always obtained. Since such 
urinary changes did not occur in dogs given injections 
of pure H, there is no need for postulating that 
divinyl sulfide is formed when H is injected.’ 


1,2-bis(8-Chloroethylthio)ethane 
(Sesquimustard, Q) 
Q is more toxic than H for small animals and its 
action is likewise delayed.*! The principal pathologic 
changes in rats given LD;) doses intravenously or 


22.3.9 





ETHYL-bis(6-CHLOROETHYL)AMINE (HNi, TL 329, 1149, ETHYL-S) 


subeutaneously are marked enteritis with only slight 
injury to the lymphatic tissues. There is no leucopenia 
nor bone marrow injury. However, in rabbits in- 
jected intravenously there is moderate to marked 
leucopenia. administered subcutaneously and in- 
travenously exhibits the enterotoxic action to a 
greater degree than H, injury being evident at sub- 
LD;, doses, whereas the leucotoxic and myelotoxic 
actions are less marked than with H, HN1, HN2, or 
H N3.?.» [n mice gassed with Q the liver and kidney 
showed parenchymatous degeneration and marked 
fatty changes. The lymphatic tissue, including that 
of the spleen, was very atrophic, presumably from 
toxic rhexis of the lymphocytes, although this early 
stage was not seen. A complete aplasia of the bone 
marrow occurred with the replacement of the 
hematopoietic tissue by hemorrhage.’ 


224 ETHYL-bis(@-CHLOROETHYL)AMINE 


(HNI, TL 329, 1149, ETHYL-S) 


22.4.1 
TOXICITY 


Pharmacology 


The parenteral toxicity of HN1 is shown in Table 
4. In addition to these data, a dog receiving 40 mg/kg 
of HN1 on the clipped shaved back died on the 
fourth day, whereas three dogs survived 10, 20, and 
30 mg/kg doses respectively.** Tolerance to a second 
oral dose of 2.5 mg/kg of HN1, which killed 75 per 
cent of the control animals, has been reported in 
rats which received a primary oral dose of 0.75 mg/kg 
4 weeks previously.?” 


PHARMACODYNAMICS 


Large doses of HN1-HCl administered intrave- 
nously or subcutaneously to mice induce disturbances 
of the nervous system which range from poor co- 
ordination, tremors, and weakness, to convulsions 
depending on the dose and route.?* Intravenously 
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administered in the rabbit, 10 mg/kg (approximately 
3 LD5$) caused first a central nervous system stimula- 
tion followed secondly by depression and rapid death. 
Parasympathetic effects were only mild. Death oc- 
curred in 24—48 hours following 5 mg/kg.” 

At LD; doses deaths are delayed in all species re- 
gardless of the route of administration, although 
gradations in severity of clinical symptoms have been 
observed. Anorexia and emaciation, variable leuco- 
penia, and variable diarrhea have been observed in 
rabbits after skin application,”):54 and after intra- 
venous administration.” Severe leucopenia was 
seen in rabbits receiving supra-LD;, doses, whereas 
only moderate transient leucopenia was observed at 
lower doses. Differential leucocyte counts in animals 
receiving sub-LD;, doses showed that the absolute 
numbers of lymphocytes were lowest on the second 
and third day with the greatest total reduction in 
granulocytes occurring on the same or following 
day.?*.^ Essentially similar observations have been 
reported,?* but the absolute counts in this case have 
been reduced to 4,000 polymorphonuclear leucocytes 
and 6,500 lymphocytes for each rabbit. It has been 
concluded that small intravenous doses of HN1 re- 
peated daily in the rabbit have, after an intermediate 
slight depression, a stimulatory effect on heterophilic 
polymorphonuclear leucocytes, and a mildly depres- 
sive effect on lymphocytes. In view of the complexity 
of the procedures, the original report should be con- 
sulted for details.°74 

Rabbits gassed at L(Ct);o levels ??».5* and goats 
exposed to HN1 vapor under field conditions ?? 
showed no significant alteration in daily total and 
differential white cell counts. However, a terminal 
leucocytosis occurred in the rabbits and was possibly 
attributable to secondary pulmonary infection. A 
slight neutrophilic leucocytosis and a slight rise in 
hemoglobin (1 gram per cent) occurred in the goats. 
In rats exposed to an L(Ct)5, dose, significant clinical 


TABLE 4. Toxicity of HN1 for various species. (LD;,in mg/kg.) 


\ Route Cutaneous 
Animal, (free base) Subeutaneous 
Mouse ] 3?3k $1.0,8! 1.2,?3k 1,4516i 
cmd | 1.116; 
tse rs 42.051 
Rat * 1 1 ?9r S 1 .(81,,23k 
Rabbit Tenl159E T 


* Amending earlier value, LDs;o — 11 mg/kg.?*k 

T An LDso is 20 mg/kg. 564 

1 Fatalities, 2/4 at 3.0 mg/kg, and 3/4 at 1.5 mg/kg. 
$ Agent administered as the hydrochloride. 


Intravenous Intraperitoneal Oral 
Pieds $1.0515: dé aeo 
ose rush | 1.0316; iod 
T RT" 4[1.8015 TA. 

0.52 ek APR a 

C8, 2.0728 t,§<3.0% 


|| Agent administered as the free base in mineral oil. 
* Agent administered as the free base in olive oil. 
** Agent administered as the free base in corn oil. 
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symptoms of systemic intoxication apart from weight 
loss failed to develop. 

Neurologic Injury. In rats given LDs5 9 and supra- 
LD; doses intravenously, clinical symptoms were 
conspicuously absent, except for a late appearing 
diarrhea in some animals surviving beyond 70 hours. 
In the absence of the usual signs of systemic intoxi- 
cation, noteworthy manifestations of neurologic in- 
jury appearing on the third or fourth day were ob- 
served. These consisted of increased irritability, and 
abnormalities of posture and movement, progressing 
in the severe cases to involvement of the vestibular 
and cochlear mechanisms. Usually death rapidly fol- 
lowed the onset of the extreme stage, and among 
survivors of less severe injury hyperirritability re- 
mained for weeks. This neurologic injury has been 
seen also after exposure to HN1 or HN2 vapor and 
after the intravenous administration of HN2, but 
never after cutaneous or subcutaneous administra- 
tion of either agent.!*?*.! 'The clinical manifesta- 
tions and the histopathologic lesions, particularly the 
extensive demyelinization of peripheral nerves seen 
in 1/3 animals examined, resemble those produced by 
vitamin B, deficiency. However, the rapid develop- 
ment of the syndrome following HN1 and HN2 
equivocates the involvement of vitamin B, metab- 
olism. 

Rats injected subcutaneously with LD;, and sub- 
L D; doses were notably free from clinical symptoms. 
Leucopenia was absent, weight loss slight, and di- 
arrhea inconstant and mild, although enteritis (see 
pathology section) was severe.??o 

One dog, succumbing on the fifth day following the 
cutaneous application of 40 mg/kg of the free base of 
HNI to the clipped shaved back, presented a clinical 
condition resembling shock which was entirely simi- 
lar to that following the intravenous administration 
of HN2 and HN3 described later. However, there 
was no bloody diarrhea or extensive vomiting ** such 
as were seen in the series of dogs injected intra- 
venously.! 

Apart from the above observations, few other 
clinical examinations have been made. An elevation 
of blood sugar of questionable specificity has been 
reported at 30 and 90 minutes after exposure of goats 
to HN1 vapor, with normal values again prevailing 
after 3-5 hours.** Alterations of the sedimentation 
rate were observed in rabbits following the intra- 
venous administration of HN1.°7 In rabbits exposed 
to HNI vapor, daily hemoglobin values did not vary 
significantly; 5* goats exposed under field conditions 
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showed a slight rise.? In rats given HN1 intrave- 
nously there wasno changein blood ealeium. A marked 
thrombocytopenia occurred in severely intoxicated 
dogs after intravenous administration.55 Other blood 
changes after HN1 intoxication are described in 
"Blood Studies" under H (Section 22.2.1). Adrenal 
analyses after HN1 are discussed under HN2, 
"Special Studies" (Section 22.5.1). 


PROPHYLAXIS AND [THERAPY OF SYSTEMIC INTOXICA- 
TION 


Prophylactic and therapeutic studies have been 
concerned with the prevention of systemic intoxica- 
tion by HN1 absorbed through the skin. In order to 
be effective and significantly to lower the mortality 
rate (3/6), extirpation of the contaminated skin must 
occur within 15 minutes after the application of 
20 mg/kg (LDs)) of the free base. The parenteral 
administration of NaSO; was markedly successful 
(mortality, 1/11) if given prophylactically 1 minute 
before similar exposures, but only erratic results 
obtained when Na.$.03 was given therapeutically.**4 


PHARMACOLOGY OF THE HYDROLYTIC DERIVATIVES 
or HN1 


The toxicity of the transformation products and 
other derivatives of HN1 are shown in Table 5. 

]-Ethyl-1-(8-chloroethyl)ethylenimonium chloride 
does not possess marked parasympathomimetic ac- 
tion. Large doses given intravenously to rabbits pro- 
duced only mild transient salivation and no pupillary 
changes.?3* 76: Tt is not a central stimulant,” but 
causes depression when given intravenously or sub- 
cutaneously in mice and intravenously in rabbits.”** 
Large doses intravenously administered to rabbits 
induce severe muscular paralysis.” Administered 
subcutaneously to mice and intravenously to rats at 
LD; doses, this compound produced delayed deaths 
and its action was comparable to the parent amine 
with respect to weight loss, diarrhea, and the absence 
of leucopenia. Rats do not show the neurologic 
syndrome seen after intravenous doses of the parent 
amine.?* [n the rabbit, the leucopenic action is no 
greater than and possibly less than that of the parent 
amine, but weight loss and diarrhea are observed.?* 26i 

Ethyl-8-chloroethyl-8-hydroxyethylamine | (HNI 
chlorohydrin) seems to produce qualitatively the 
same effects as the parent amine. Large doses given 
intravenously, subeutaneously, or intraperitoneally 
in mice produce symptoms ranging from tremors to 
convulsions accompanied by hyperirritability and 
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TABLE 5. Toxicity of transformation products and other derivatives of HN1. (LD;oin mg/kg.) 


Iv = intravenous injection. 
Ip = intraperitoneal injection. 
Se = subcutaneous injection. 


Substance Remarks Route Animal LDso Ref 
1-Ethyl-1-(8-chloroethyl)ethylenimonium salt | Pure picrylsulfonate dis- Iv Rabbit ca. 3.0 23k 
solved in saline Rat 0.5 23k 
Se Mouse <2.0 23k 
A hydrolysate contain- Iv Rabbit 2-3 261 
ing at 5 min by analy- 
sis 90% of the original 
amine in the form of 
the first chloroethylene 
imine 
Ethyl-8-chloroethyl-8-hydroxyethylamine Pure picrylsulfonate dis- Iv Rabbit 5-10 23k 
solved in saline Mouse <8 23k 
Se Mouse <8 23k 
Pure picrylsulfonate con- Ip Mouse ca.10 20d 
verted to hydrochlo- 
ride 
]-Ethyl-1-(8-hydroxyethyl)ethylenimonium Pure picrylsulfonate dis- Iv Rabbit ca. 5-6 23k 
salt solved in saline Mouse ca. 5 23k 
Se Mouse ca. 5.5 23k 
Pure picrylsulfonate con- Ip Mouse 7.0 20e 
verted to the chloride 
Ethyldiethanolamine (TL 596) Free base, neat (nonleu- Iv Rabbit > 200 16e 
cotoxic on repeated 
weekly administration) 
Ethyl-bis(6-hydroxyethyl)methylammonium Ip Mouse ca. 200 20e 
chloride 
Ethyl-bis(8-chloroethyl)amine oxide (HN1 | In saline Ip Mouse ca. 75 20d 
amine oxide) 
Ethyl-8-chloroethyl-8-pyridiniumethylamine In saline Ip Mouse ca. 75 20h 
chloride hydrochloride 
Ethyl-6-chloroethyl-bis(6-hydroxyethy]) In saline Ip Mouse ca. 200 20h 


methylammoniumethylamine chloride hy- 
drochloride 





incoordinated hyperactivity. At higher doses intra- 
venously, gasping and momentary cessation of 
respiration. occur. Lower intravenous doses (8-20 
mg/kg) caused delayed deaths similar to those seen 
in rats given HN1-HCI intravenously. Lower sub- 
cutaneous doses (12-20 mg/kg) and intraperitoneal 
doses (40-50 mg/kg) produce mixed deaths, 50 per 
cent of the animals dying within 2 hours and the 
remainder in 2-5 days after suffering weakness, 
diarrhea, and weight loss. Still lower doses given 
intraperitoneally cause only delayed deaths.?* 

In the rabbit higher doses caused depression, pro- 
gressing until death between 12 and 16 hours in one 
instance (10 mg/kg), but in the second instance 
(20 mg/kg) depression was punctuated by a: period 
of hyperexcitability and hyperactivity, possibly a 
release phenomenon. Rabbits survived 5 mg/kg and 
developed a mild leucopenia.?** 

]-Ethyl-1-(8-hydroxyethyl)ethylenimonium chlo- 
ride (HN1 hydroxy imine) given to mice intrave- 


nously, subcutaneously, or intraperitoneally at D; 
and supra-L.D;) doses caused acute deaths, the 
animals progressing from depression to weakness and 
terminal respiratory convulsions. Given intraperi- 
toneally, the compound caused a significant number 
of delayed deaths among mice surviving the acute 
toxic action.: Administered intravenously in the 
rabbit, this compound produces depression and 
paralysis, death being due to paralysis of the 
respiratory muscles.5: The depression may last for 
24 hours,** the paralytie action is reversible, and 
survivors of the immediate period recover.” This 
derivative possesses no parasympathomimetic or 
leucopenic action, and survivors show no weight 
loss.?3k ,261 


Systemic Pathology of HNI 
Intoxication 
The systemic pathologic action of HN1 has been 
studied less than that of its homologs. Table 6 shows 


22.4.2 





460 


the intensity of total systemic injury and of indi- 
vidual lesions following intoxication by LD; ) doses 
administered by various routes. 

At 0.5 LD5 doses the pattern of observations was 
not so constant. The ranking lesions were lymphoid 
atrophy after intravenous administration and gas- 
sing, and enteritis after subeutaneous administration 
and eutaneous application. Myeloid injury was the 
mildest lesion by any route. The severity of leuco- 
penia at 0.5 LD;, doses relative to other lesions was a 
noteworthy observation and did not appear to 
parallel the damage to the lymphoid tissue or the 
bone marrow.!4:?3n 

In rabbits given HN1-HCI intravenously, enteri- 
tis, lymphoid injury of varying severity, and moder- 
ate damage to the bone marrow have been observed, 
and the last lesion in this species parallels the leuco- 
penia, except when recovery from leucopenia was in 
progress at the time of sacrifice." Following the skin 
application of HN1 in rabbits, lymphoid atrophy and 
enteritis are more severe than the bone marrow in- 
jury, the latter paralleling the leucopenia.?* 

In the above pathologic studies no injury occurred 
to the upper alimentary canal, the oral cavity, 
pharynx, esophagus, and stomach being free of 
lesions following parenteral administration and cuta- 
neous application (when ingestion was prevented). 
Following intubation of HN1-HCl in rabbits, con- 
striction and congestion of the stomach was a fre- 
quent observation and one instance of hemorrhage 
in the duodenum was recorded. * 

Judging from the rat series, it is questionable that 
the severity of enteritis, bone marrow injury, and 
lymphatic tissue damage is sufficient to account for 
death of the animals.?*" 


Some Observations on Human 
Intoxication 


In men inadvertently exposed to HN1 vapor, the 
most prevalent symptoms were conjunctivitis, laryn- 
gitis, bronchitis, hoarseness, coughing, elevated tem- 
perature, nausea, and vomiting. Random total and 
differential white cell counts, in many instances 
lacking values in the critical period after exposure, 
showed no significant variation.® It is apparent that 
most of the clinical symptoms resulted from local 
irritation. 

Conjunctivitis and acute asthmatoid bronchitis 
developing from exposure to minute quantities of 
HNI vapor have been reported as an idiosyncrasy to 
this agent. At hospitalization, temperature, blood 
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count, hemoglobin determination, and sedimentation 
rate were normal; the results of urine analysis were 
negative. 


2255 — METHYL-bis(6- CHLOROETH YL)- 
AMINE (DICHLOR AMINE, HN2, 1130, 
TL 146, S) 
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Pharmacology 


The toxicity of HN2 on administration by various 
routes is shown in Table 7. In addition to these data, 
the LD5; for HN2 intravenously administered to 
chickens is approximately 10 mg/kg.?* Intravenously 
administered to pigeons, 20 and 15 mg/kg killed 1/1, 
while 10 mg/kg killed 0/1.” Rats tolerated a total of 
138 subcutaneous injections of small doses of HN2: 
HCl during a period of 7 months, and developed an 
increase in resistance to the systemic effects of the 
HN2. Growth was negative during the injection 
period, and a mild progressive leucopenia was ap- 
parent, but there was no extreme depletion of the 
hematopoietic system. Seven rats given 0.4 mg/kg 
daily for 4 days showed, at the end of this course of 
repeated injections, weight loss and leucopenia com- 
parable to that seen in previously untreated rats 
given 0.24 mg/kg per day.?” 

The problem of contaminated drinking water in- 
volves the administration of aged solutions and, 
whether administered by intubation or allowed ad 
libitum, must concern the transformation products of 
HN2. Thus, the toxicity of aged solutions will be in- 
fluenced by the time elapsed after contamination and 
by the concentration, pH, and buffering capacity of the 
solution (see Chapters 19 and 20). The pharmacologic 
properties of aged solutions are the summation of the 
properties of the individual transformation products 
whose existence is permitted by definition of these 
conditions. The discussion in this section of the 
properties of these transformation products makes 
gratuitous a discussion of the voluminous data on the 
properties of aged solutions. A review of the subject 
is available. 

One aspect of aged solutions may be briefly men- 
tioned here. The designation SB has been given to 
substances arising in, and imparting unique pharma- 
cologic properties to, aged solutions of HN2 and 
HN2 chlorobydrin. The SB which occurs in aged 
solutions of HN2 is methyl-8-chloroethyl-8-hydroxy- 
ethylamine, and the SB present in aged solutions 
of the chlorohydrin is 1-methyl-1-(8-hydroxyethyl)- 
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TABLE 6. Systemic effects 


in rats of LD;, doses of HNI. 


These data are an average of data reported in detail.!* The abbreviations iv, sc, cut, and gas represent respectively intra- 
venous, subcutaneous, cutaneous application, and exposure of the whole body to the agent dispersed by atomization. 
Intravenously and subcutaneously, a solution of HN1-HCI in physiological saline was administered. The free base was 


applied to the skin. 





\ Lesion Total 
a systemic Lymphoid Myeloid Weight 
Route injury atrophy injury Leucopenia Enteritis loss 
Iv Moderate Moderate Mild Mild Moderate Severe 
Se Mild Moderate Mild Absent Mild Mild 
Cut Moderate Moderate Mild Mild Moderate Severe 
Gas Mild Moderate Mild Absent Mild Moderate 
TABLE 7. Toxicity of HN2 for various species. (LD;oin mg/kg.) 
Route 
Cutaneous 
ER Intravenous Subcutaneous (free base) Oral 
HORN LDs;o Ref. LD;o Remarks Ref. LD» | Ref. LD;o Remarks Ref. 
Mouse | ¢a. 2.0 231 2.6 23c 
2.8 120 
2.9 102a 29 23k 20 Fed mice 23e 
3.3|| 16i | ca. 359 16b 10 Fasted mice (18 hr) 23f 
ca. 4.0 72 10 73 
ca.4—5 | Free basein Nujol | 117 
4.5 Free base in pea- 
nut oil 120 
Rat 1.1 23C 1.9 23c 14 123f 10 73 
ca. 2.0** | Fresh solution of | 81 15 68 13-20 | HCl in water LEY 


HCl in water 
3.0 Free base dissolved 
in tributyrin 
Rabbit | ca. 1.6 23q 3.0 
2.5] 26g 3.0 Free base dissolved 
in tributyrin 


ca. 4—5 | Free base dissolved 
in Nujol 
Guinea 2.0 Free base dissolved 
pig in tributyrin 


«o Free base dissolved 
in peanut oil 


ca.4—5 | Free base dissolved 
in Nujol 
Dog LUIS. 23k 
Goat 
Monkey 


15-18 | 105e 55-85 Free base in water 117 
68 22 23r 


74 12 68 12 13 
68 | ca. 15 23k | 12.5-17.5| HCl in water 117 
ca. 17§ 38 5 Free base dissolved 68 
117 in tributyrin 
68 
119 
22 68 12 73 
IL 
20 68 « 100 73 
<50 123g 





* Amending earlier value, LD;o — 14 mg /kg.?3k 

+ LDes, 1.0 killed 13/20. 

t LDoo. 

§ This reference states that 33 mg is a lethal dose for a 2-kg rabbit. 


ethylenimonium chloride.??». These substances ac- 
count for the pharmacologic properties of the aged 
solution of HN2 and of the chlorohydrin.?*! 


PHARMACODYNAMICS 


Cholinergic Action. The cholinergic action of HN2 
is similar to the cholinergic action of injected acetyl- 
choline, and thus shows muscarinic action on glands 
and smooth muscle (parasympathomimetic) and 


|| Amending earlier value, LDso = 3.6 mg/kg.!6h 
* Value estimated from data in reference cited. 
** Amending earlier value, LD;o — 5 mg/kg.?? 


nicotinic action on autonomic ganglia and skeletal 
muscle. Parasympathetic effects have been observed 
following parenteral administration of the hydro- 
chloride in various species,?2255.273 and in rabbits 
following parenteral administration of the free base.* 
These parasympathetic effects do not originate cen- 
trally (i.e., by a release phenomenon) since salivation 
developed in dogs with denervated salivary glands.’* 
In normal animals salivary responses were prevented 
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by prophylactic administration of effective doses of 
atropine.”*':78. However, gastric and duodenal secre- 
tion in decapitated and decerebrated cats was only 
altered by such treatment and not prevented.” 
Atropine failed to abolish the salivary response once 
secretion had begun,'*:* failed even to alter gastric 
and duodenal secretion in decapitated cats when 
given therapeutically,? and had no effect on sur- 
vival.9^255.1.2.7$ Since atropine failed to act on 
salivation therapeutically, the site of the muscarinic 
action of HN2 would appear to be peripheral to the 
site of atropiné action and may be located within 
the effector cell. 

Cholinesterase inactivation by HN2 !% could lead 
to the accumulation of acetylcholine within the ef- 
fector cells, but it has been emphasized? that the 
concentration of HN2 required to inhibit cholin- 
esterase tn vitro is greater than that required with 
other inhibitors, and that eserine itself potentiates 
the action of HN2.**'-3°-78 In addition, it is not clear 
that acetylcholine accumulates in spite of cholin- 
esterase inactivation. For example, there was no ac- 
cumulation of acetylcholine in vitro when brain tissue 
was incubated in saline containing eserine and HN2, 
although an accumulation occurred in the presence 
only of eserine. This circumstance gave rise to the 
suggestion that HN2 inactivates cholinacetylase as 
well as cholinesterase.'°? Nor does cholinesterase 
inhibition seem implicated in vivo since in the cat 
intoxicated with HN2 the arterial blood pressure 
does not fall on stimulation of the peripheral end of 
the cut chorda lingual nerve, whereas such stimula- 
tion produced a fall in the eserinized cat.!?? 

The isolated gut of the rabbit, cat, and rat was 
reversibly stimulated at low concentrations in Ty- 
rode’s solution, the stimulation being blocked by 
previous treatment by atropine.”**:29:73 Above a con- 
centration of 200 mg/l there was an initial stimula- 
tion followed by depression which soon became ir- 
reversible by washing.?*s 

The behavior of blood pressure following HN2 
administration is attributable to muscarinic and 
nicotinic actions. In the anesthetized animal, blood 
pressure fell (muscarinic action) following administra- 
tion of HN2, and in the atropinized anesthetized 
animal a rise (nicotinic action) in blood pressure oc- 
curred.?5.2.7$ In spite of symptomatic control of the 
immediate effects, the animals failed to recover from 
the anesthetic and died of respiratory failure with 
blood pressure at shock levels. 

HN2-HCI at a concentration of 40 mg/l had no 
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direct contractile action on the isolated frog’s rectus 
abdominus but augmented the contraction produced 
by small doses of acetylcholine. This eserine-like ef- 
fect was reversible by washing. A concentration of 
200 mg/l caused a direct stimulation, in addition to 
augmenting the effect of acetylcholine.* HN2 free 
base applied directly to the intact heart of the pithed 
frog increased the heart rate. Applied directly to the 
sciatic nerve of a frog, it did not block motor im- 
pulses in the area of contamination. Injected into, or 
applied directly to, the gastrocnemius muscle of the 
frog it produced contraction.” 

Central Action. In unanesthetized animals central 
excitation is manifest at high doses but this factor is 
different from the immediate, direct, intense con- 
vulsive action of HN3. Unsustained convulsions of 
varying character have been seen only after large 
doses given intravenously in rabbits,?95255.£.0 and 
never after cutaneous or subcutaneous administra- 
tion.”* 2 

Paralytic Action. The most significant pharmaco- 
logic property of HN2 in large doses is its paralytic 
action. Within 10-15 minutes after intravenous in- 
jection a progressively increasing skeletal muscle 
weakness appears, becoming evident first in the 
muscles of the head and neck and then in the muscles 
of the extremities and thorax.****'- This paralytic 
action has been compared to paralysis by nicotine *** 
and curare.£ Comparable to the latter, a 6.4 X 
10-* M solution of the HN2 approximately 1 minute 
old at pH 7.4 caused a rapid inhibition of transmis- 
sion across the myoneural junction of the frog’s 
sartorius muscle-nerve preparation, the inhibition 
being reversible up to 30 minutes. HN2 was without 
effect upon the excitability of the nerve or muscle, 
but caused a slow progressive reduction in contractil- 
ity which was irreversible and continued after ex- 
posure.”i The contractility of the isolated frog 
sartorii decreased steadily, and a complete loss of 
irritability to direct electrical stimulation was ob- 
served after an exposure of 80 minutes to 0.01 M 
HN2.5 

Comparable to the action of nicotine, respiration 
in the anesthetized dog was initially stimulated for 
1 or 2 minutes; then some minutes later a larger and 
more prolonged stimulation appeared, lasted 10-15 
minutes, and was followed in one case by depressed 
respiration and death 45 minutes later. Stimulation 
of respiration is presumably a specific property of 
nicotine as compared with curare, and serves as a 
major difference in the action of these compounds.!?* 
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Death in rabbits treated intravenously with 20 
mg/kg or more occurs in 30 minutes to 4 hours, and 
has been attributed to respiratory failure.??* ?5f.2 

Paresis of the lower extremities, proceeding to 
flaccid paralysis before death has been observed in 
two monkeys, one receiving 100 mg/kg, the other 
receiving 50 mg/kg of HN2 free base on the skin.** 

Delayed Deaths. The symptomatology of delayed 
deaths in the smaller laboratory animals following 
intoxication with HN2 and HN3 has been reviewed .? 
The syndrome is characterized by failure to eat and 
drink, emaciation, muscular weakness and debilita- 
tion, watery diarrhea, loss of body temperature con- 
trol, and eventual impairment of respiration.? 

In dogs intoxicated with 1 mg/kg of HN2-HCl 
intravenously, vomiting began within :à few hours 
after intoxication, increasing in severity and generally 
continuing accompanied by anorexia through the 
second and third day. Vomiting, both early and late, 
may refiect a neurogenic (or perhaps paralytic) dis- 
turbance later associated with intestinal injury. Pro- 
fuse salivation was sometimes but not invariably 
present. Diarrhea, usually blood-stained or frankly 
hemorrhagic, was generally present on the second to 
fourth days." 

As a result of profuse vomiting and diarrhea, there 
was loss of fluid, electrolyte, and protein as revealed 
by the following biochemical data: (1) reduction in 
volume of both extracellular fluid and circulating 
plasma volume; (2) reduction in plasma chloride 
concentration; (3) rise in carbon dioxide capacity and 
blood pH; (4) reduction of total circulating plasma 
protein (probably a result of loss of protein in the 
diarrhea); (5) rise in concentration of plasma protein 
(the result of a greater loss of plasma water than 
protein); (6) a variable reduction in total circulating 
red cell volume which may be accounted for (a) by 
loss of cells through intestinal hemorrhage, or (b) by 
in vivo sequestration or trapping of cells; (7) variable 
rise in hematocrit (not necessarily proportionate to 
the reduction of plasma volume in the presence of 
cell loss or change in cell size); and (8) variable rise 
in hemoglobin (or oxygen capacity). 

Failure of oxygen capacity to rise as markedly as 
would be expected from the rise in plasma protein 
concentration suggested the loss of hemoglobin or 
red cells from the circulation or transfer of plasma 
water into the cells. Loss of body weight resulted 
from excessive fluid and protein loss and is more 
extensive than that due to starvation alone." 

Terminal weakness and coma, preceding death, 
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occurred in the majority of dogs in the third to fifth 
day after intoxication. They were associated with 
low mean femoral arterial blood pressure, marked 
oxygen unsaturation of jugular blood (with pre- 
sumably normal arterial oxygen saturation), reduc- 
tion in body temperature, coldness of extremities, 
relaxation of the anal sphincter, and respiratory 
failure." 

Excluding a few animals with severe pulmonary 
injury or infection as a complication, it is inferred 
that death is caused by anoxia of the respiratory 
centers due to peripheral circulatory failure brought 
on by either (1) a reduction in blood volume attribut- 
able to loss of proteins, electrolyte, and water through 
vomiting and diarrhea, supplemented by loss of red 
cells through as yet unidentified channels, or (2) un- 
described changes contributory to a fatal effect. No 
support is obtained for the theory that terminal 
circulatory collapse is due to exhaustion of either the 
heart or arteriolar bed, in consequence of prolonged 
bombardment by humoral vasoconstrictor agents. 
Despite terminal coma and hypotension, intoxicated 
dogs retained cardiovascular responsiveness to 
adrenalin given intravenously." 

Neurologic Injury. In Section 22.4.1 dealing with 
HNI, it was stated that neurologic injury occurs in 
rodents intoxicated with HN2 at LD;, or supra-LDso 
levels after gassing and intravenous administration. 
The reader is referred to that section for a description 
of neurologic injury. 

Other Observations. Blood studies, exclusive of those 
concerned with the leucocytes, have not been in- 
formative,4/11.38.40,572,58,67,58,74.232 although the fre- 
quent suggestion of hemoconcentration is possibly 
significant. A marked thrombocytopenia has been 
reported.53 Some blood changes have been previously 
described. | 

Electrocardiograpb records of rabbits receiving 1—2 
LD;, doses of HN2-HCl intravenously remained es- 
sentially normal until a short time before death and 
revealed no impairment of the excitatory or con- 
ductor systems of the heart.?*^ 

The chief renal action, highly variable in relation 
to dose, is depression of tubular excretory function, 
a depression rapidly effected by 2-3 LD;, doses given 
intravenously in rabbits. Smaller doses caused a pro- 
gressive impairment which became maximal in 5-10 
days and resolved slowly. It was not demonstrated 
whether the tubular injury is a delayed result of a 
direct toxic action or secondary to injury of other 
organs. The rate of glomerular filtration was not 
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consistently affected, being reduced only under con- 
ditions where circulatory inadequacy may have been 
present. As judged by the rare occurrence of pro- 
teinuria, there was no specific injury of the glomerular 
membranes.” Blood gas analyses indicate that intra- 
venous administration of HN2- HCl did not cause 
serious pulmonary injury in rabbits." ?** 


PHARMACOLOGY OF TRANSFORMATION PRODUCTS OF 
HN2 


The toxicity of the transformation products and 
certain other derivatives of HN2 is shown in Table 8. 
A hydrolyzed solution of HN2 containing by 
analysis 90 per cent of the parent amine as 1-methyl- 
1-(8-chloroethyl)ethylenimonium chloride (I) pos- 
sesses pharmacologic properties similar to those of 
the parent amine. Parasympathetic effects were ob- 
served immediately in rabbits given 1-2 mg/kg in- 
travenously, and were blocked by atropine. Large 
doses gave immediate prostration and death. This 
solution possessed no central excitatory action, but 
produced typical muscular paralysis, and in large 
doses was possibly a medullary depressant.?*! 
Immediately following the intracarotid injection 
of 1 mg/kg of this solution in the dog, there was a 
stimulation of respiration, the promptness of which 
suggested stimulation of the chemoreceptors in the 
carotid sinus. Miosis was not prominent at any time, 
but during the injection a marked bradycardia was 
observed. The salivary response, beginning shortly 
after the injection, was more marked in the ipsilateral 
than in the contralateral glands. Dogs given the 
compound intravenously showed similar responses 
after a latent period, with the exception that saliva- 
tion was bilateral. With respect to the onset, dura- 
tion, and extent of vomiting, little difference was 
observed between animals receiving intravenous and 
those receiving intracarotid injections. Unilateral 
edema was observed within a few hours in tissues re- 
ceiving arterial blood from branches of the carotid 
peripheral to the site of injection. Death at 18 hours 
in one dog was attributed to asphyxia as a result of 
marked edema of the glottis. Tbe remaining dog de- 
veloped bloody diarrhea, had a clonic convulsion 
74 hours after injection, and died in 86 hours.» 
Dogs given 0.5 mg/kg of the hydrolyzed material 
presented a similar appearance. One dog was sacri- 
ficed at 5 days after a clonic-tonic convulsion which 
left the animal weak and moribund. The brain from 
this dog and one from a fatality showed no damage 
on the surface of the intact brain or incut sections. 


Histologically, there were small areas of focal necrosis 
scattered throughout the cerebral lobe, but significant 
evidence of vascular damage or hemorrhage were not 
associated with this lesion. No cerebellar damage was 
noted.534 

Mice given large doses of 1-methyl-1-(8-chloro- 
ethyl)ethylenimonium picrylsulfonate (II) intra- 
venously or subcutaneously showed parasympathetie 
effects, depression, weakness, and death in from 1 
minute to 12 hours, depending on the dose and route. 
Doses (expressed in terms of the hydrochloride) of 
2.0 mg/kg intravenously and 2.4 mg/kg subcutane- 
ously cause delayed deaths.?*!. Leucopenia is a con- 
stant observation in animals given lethal doses of 
[I.231,261,74 

A 3.4 X 10~M solution of II 1 minute old at 
pH 7.3 reversibly blocked myoneural transmission in 
the frog's sartorius muscle-nerve preparation. This 
solution had no effect on excitability of the nerve or 
muscle, but unlike the parent amine, loss of con- 
tractility was delayed.?*! 

Methv1-8-chloroethyl-8-hydroxyethylamine hydro- 
chloride (III) given parenterally to mice gave rise 
after a latent period to depression, followed in 1 or 
2 hours by terminal respiratory convulsions and 
death. Survivors of the immediate effects showed no 
evidence of systemic intoxication and no delayed 
deaths were observed. The intravenous and intra- 
peritoneal toxicities are lower than the subcutaneous, 
suggesting that the toxic effects of this compound 
are propagated through l-methyl-1-(8-hydroxyethyl)- 
ethylenimonium chloride (IV), since subcutaneous 
administration provides conditions favorable to the 
formation of the latter compound.”*' In rabbits large 
doses given intravenously produce depression, severe 
muscular paralysis, and early deaths. At lower doses, 
paralysis is reversible.”*!76! Compound III does not 
give rise to leucopenia.??! 761,74 | 

Prophylaxis with Nembutal, urethane, hexameth- 
ylenetetramine, and sodium thiosulfate protected 
rabbits against lethal doses of III. The ‘action of 
Nembutal seemed distinct from the other agents in 
that it was effective in low doses, 7.5 mg/kg of 
Nembutal affording some degree of protection against 
an approximate 2.5 LD5, dose of III. It was suggested 
that this distinction might be the result of à covering 
or “lytic” action at specific loci. No antidotal value 
obtains when Nembutal is given therapeutically, or 
when anesthetic doses of magnesium sulfate are given 
prophylactically. Occlusion of the carotid arteries in 
unanesthetized rabbits during and for 15 minutes 
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TABLE 8. Toxicity of transformation products and other derivatives of HN2. (LD5» in mg/kg.) 


Ic = intracarotid injection Iv = intravenous injection 
Se = subcutaneous injection Ip = intraperitoneal injection 
| Method of obtaining desired 
Substance substance and other remarks Route Animal LDso Ref 
1-Methyl-1-(8-chloroethyl)ethylenimonium Pure pierylsulfonate  dis- Se Mouse 2.4 231 
salt solved in saline. Iv Mouse ca. 1.5 23i 
A 45-min hydrolysate con- Iv Rabbit 1.0-3.0 26i 
taining by chemical anal- Se Rabbit 1.0 74 
ysis 90% of the parent Iv Dog ca. 0.50 55d 
amine as the desired Ie Dog ca. 0.25 55d 
product. 
Methyl-8-chloroethyl-8-hydroxyethylamine Pure hydrochloride Se Mouse 16 23i 
15.7 16h 
10 72 
Rat 20 72 
Rabbit ca. 10 74 
Iv Mouse 22.5 23i 
Rabbit ca. 12.0 29i 
Ip Mouse 34.0 23i 
Oral Mouse 25 72 
Rat 80 72 
A sample containing 60% of Iv Rabbit 30* 26i 
the desired product by 
analysis. 
Methyl-8-acetoxyethyl-8-chloroethylaminet Pure synthetic product Se Mouse 20 Al 
Iv Mouse >36 23y 
Methyl-bis(ß8-acetoxyethyl)amine Water Se Mouse > 500f 57a 
1-Methyl-1-(6-hydroxyethyl)ethylenimonium | Pure picrylsulfonate dis- Iv Mouse 4.2 23i 
salt solved in saline. Rabbit 3—5 23i 
Ip Mouse 7.9 231 
A 20-hr hydrolysate contain- Iv Rabbit ca. 10 261 
ing by analysis 6095 of 
the original amine as the 
desired product. 
Methyldiethanolamine Iv Rabbit > 200 16e 
Bunte salt of HN2 Saline. Not leucotoxie at Se Mouse > 500 23f 
LD so. Iv Mouse > 200 23f 
Rabbit > 50 23f 
Methyl-b;s(8-dithiocyanoethyl)amine hydro- Immediate deaths Sc Mouse :ea. 201 16i 
chloride 
Methyl-8-chloroethyl-8-pyridiniumethyl- Saline Ip Mouse ca. 100 
amine chloride hydrochloride 
Methyl-6-chloroethyl-bzs(8-hydroxyethyl)- Saline Ip Mouse ca. 350 20g 
methylammoniumethylamine chloride hy- Se Mouse > 80f 16g 
drochloride 
Methyl-bis[bis(8-hydroxyethyl)methylam- Saline Ip Mouse ca. 1,200 20c 
moniumethyl lamine dichloride 
Methyl-8-hydroxyethyl-bis(8-hydroxyethyl)- Saline Ip Mouse ca. 1,500 20h 
methylammoniumethylamine chloride hy- 
drochloride 
N,N'-Dimethyl-N,N '-bis(8-chloroethyl)piper- | Saline. Not leucotoxie at Sc Mouse ca. 500 23a 
azinium dichloride LD;,.?sf 
Methyl-bs(8-chloroethyl)amine oxide ( HN2 Saline Sc Mouse >80 16i 
amine oxide) Ip Mouse ca. 100 20c 


* These investigators give 30 mg/kg as the lethal dose of a sample containing 60 per cent chlorohydrin, and this value is reducible presumably to 18 
mg/kg of the pure compound (30 X 0.6 = 18). 
T Conversion of methyl-8-acetoxyethyl-8-chloroethylamine to the quaternary methiodide is reflected in a decrease in toxicity. On subcutaneous injec- 
tion in mice, 250 mg/kg gave no deaths and doses of 500 and 1,000 mg /kg each killed 2/2 animals. 
Two animals studied with each dose. 


after the intravenous administration of supra-LD;, 
doses of III affords some protection, but is less ef- 
fective than Nembutal.??v 


The acetate ester of III, methyl-8-acetoxyethyl-8- 
chloroethylamine, caused salivation and diarrhea 
within a few minutes after subcutaneous injection in 
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mice. This immediate effect was followed by a period 
in which the animals showed partial paralysis, in- 
coordination, and tremors. Death accompanied by 
terminal convulsions occurred in a short time.” 

1-Methyl-1-(8-hydroxyethyl)ethylenimonium pic- 
rylsulfonate (V) on parenteral administration in 
rabbits and mice possessed essentially the same 
pharmacologic properties as the chlorohydrin.”* Fol- 
lowing the intravenous administration of a hydro- 
lyzed solution of HN2, 60 per cent in the form of IV, 
the leucopenia and slight parasympathomimetic ac- 
tion were attributed to the presence of small amounts 
of I.i Otherwise, the pharmacologic properties of 
this solution agree with those of the pure picrylsul- 
fonate (V). 

Both III and V block myoneural transmission in 
the frog’s sartorius-nerve preparation with some 
reversibility. Unlike the parent amine and II, the 
former compounds slowly impair the excitability of 
both the nerve and muscle and completely lack the 
effect on contractility.?? 


PREVENTION OF SYSTEMIC EFFECTS oF HN2 


Sodium thiosulfate, which reacts chemically with 
HN2, prevents systemic injury if given in doses 
adequate to yield relatively high blood levels. The 
subcutaneous administration of 0.5 g/kg of a 5 per 
cent solution of sodium thiosulfate 20 minutes be- 
fore, combined with the intravenous administration 
of 0.5 g/kg of a 25 per cent solution 5 minutes before, 
the subcutaneous administration of 40 mg/kg of 
HN2, prevented the parasympathetic effects and in- 
creased survival time from 2 to 20 hours. Animals 
similarly treated prophylactically may survive in- 
definitely after 20 mg/kg subcutaneously, although 
they showed a transient leucopenia. Control animals 
receiving 10 mg/kg subcutaneously survived only 
6 hours, whereas those pretreated as above with 
sodium thiosulfate survived indefinitely and showed 
only a transient leucopenia. The protection against 
5 mg/kg was almost complete. Similar protection has 
been shown against small subcutaneous doses re- 
peated daily when sodium thiosulfate is given at the 
same time but in a different site. This prophylactic 
procedure modified to provide sodium thiosulfate 
over longer periods was effective against an L Ds, dose 
of HN2 applied to the skin.?** 

Protection against intravenous administration of 
HN2-HCIl is less striking. Sodium thiosulfate pre- 
vented the parasympathetic effects and protected 
against the paralytic action, but not against leuco- 


penia or central excitation, the intensity of the con- 
vulsive phenomena being aggravated.?* 

Thiosulfate treatment protected against the acute 
prostration, the parasympathomimetie action, and 
the rapidly developing paralysis induced by a 30- 
minute hydrolysate of HN2. The animals survived 
several days and showed no leucopenia, but even- 
tually died with a late unexplained paralysis. The 
protection against the rapidly lethal effect of 20 
mg/kg of 60- and 120-minute hydrolysates was found 
to be complete.?® 

A blood level of 75-125 mg per cent initiated 
prophylactically and maintained by repeated ad- 
ministration of sodium thiosulfate protected against 
7 hourly intravenous doses of 1 mg/kg of 1-methyl- 
1-(8-chloroethyl)ethylenimonium chloride (as a 45- 
minute hydrolysate). This prophylactic procedure 
is equally effective against topical applications of 
HN2. Initiated up to 15 minutes after the skin ap- 
plication, the treatment is also of great value, but 
when initiated after 30 minutes, the course in such 
animals is similar to untreated controls.?* 

Hexamethylenetetramine (HMT) likewise affords 
some protective action when given in adequate doses 
prior to the administration of HN2. The lethal 
effects of 16 mg/kg of HN2 applied to the skin of 
rats under Nembutal anesthesia were materially re- 
duced by the parenteral administration of 5-8 mg/kg 
of HMT. This treatment was initiated by the intra- 
venous injection of 1 g/kg 1 minute before the HN2 
and sustained by repeated subcutaneous injections. 
Delay in treatment until 15 or 30 minutes after the 
HN2 application lessened the efficacy.” Infiltra- 
tion with HMT of the subcutaneous tissues surround- 
ing and beneath an area of skin contamination de- 
creases the lethal effects of 16 mg/kg of HN2. How- 
ever, specificity of HMT in this respect is somewhat 
obscured by the fact that a significant reduction in 
mortality occurred when saline was used for infiltra- 
tion.?” 

Single intubations with HMT in doses ranging 
from 0.5-3.0 g/kg 30 or 60 minutes before placing 
20 mg/kg of HN2 on the shaved back of fasted rats 
(under Nembutal anesthesia) gave a significant re- 
duction in mortality rate. Plasma samples taken 
30-60 minutes following the HMT showed a con- 
centration above 50 mg per cent"! Rats fed diets 
containing 10 per cent HMT over long periods were 
not protected against the systemic toxicity of HN2 
absorbed through the skin nor were the skin burns 
diminished in intensity.?”° Intubation with HMT be- 
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fore the skin application of 12 mg/kg of HN2 re- 
duced the tolerance of rats to a second dose of 20 
mg/kg of HN2 given 10 weeks later, as compared 
with control rats receiving no HMT but otherwise 
given the same treatment.?” 

In dogs, fluid replacement beginning at the time of 
intoxication and continued during critical illness ap- 
parently reduced the toxicity of an LDs5o dose of 
HN2-HCI given intravenously. Glucose and sodium 
lactate did not seem to be an improvement over 
saline alone. When intravenous saline or saline in 
glucose was instituted in extremely ill and comatose 
animals, dramatic recovery from deep coma was 
sometimes achieved. Other therapeutic agents (amino 
acids, glucose, vitamin B complex, etc.) were given 
preliminary tests without success.! 

Therapeutic measures specifically concerned with 
alleviation or correction of leucopenia have met with 
no better success than therapy of other systemic in- 
juries. The administration of the leucocytosis-pro- 
moting factor of Menkin following the subcutaneous 
intoxication of goats ** and the intravenous intoxi- 
cation of dogs ?? was without effect. In the dog, two 
injections of the leucocytosis-promoting factor 48 and 
84 hours before giving HN2 prevented granulocyto- 
penia but not lymphopenia (total count at sacrifice 
was 25,000 cells/mm? and consisted of 99 per cent 
neutrophils). At the time of sacrifice the bone 
marrow showed marked hyperplasia. In 2 rabbits in- 
toxicated intravenously with 2 mg/kg of HN2-HCl, 
the intravenous injection at the lowest point in 
the leucopenic stage of enough exudate leucocytes 
to raise the count to approximately 10,000/mm? 
neither hastened nor retarded the effects of HN2 
(death occurred within 48 hours)?? Whole blood 
transfusions given in volumes of 10 and 20 ml 
two times daily failed to alleviate (and possibly 
accentuated) leucopenia in rabbits given 2 mg/kg 
of HN2-HCI subeutaneously. The mortality rate 
was increased in these animals as compared to the 
controls, and this procedure possibly overloads the 
circulation and thus induces cardiac failure.9 

 Leucopenia in rabbits and goats intoxicated by 
HN2 was not prevented by the following substances: 
p-chloroxylenol in methylacetamide, sodium succi- 
nate, sodium fumarate, and sodium tartrate.®? Liver 
extract, pentnucleotide, liver extract and pentnucleo- 
tide, methenamine, and thyrotropin failed to pro- 
duce any alleviation of the hematologic changes fol- 
lowing the skin application of an LDs dose of HN2 
to rabbits, although liver extract at the rate of 2 or 


5 units (1 unit was insufficient) per day gave a slight 
reduction in mortality rate.*! 


SPECIAL STUDIES 


In rats HN2- HCl produces effects similar in many 
respects to the alarm reaction described by Selye. 
However, the late-appearing granulocytopenia, bone 
marrow injury, and diarrhea are not seen in the alarm 
reaction. Adrenalectomy increased the sensitivity of 
rats to HN2, causing earlier death (48-60 hours) and 
exaggerating the intestinal lesions.?*£ According to 
Selye, adrenalectomy has the same effect in respect 
to the alarm reaction. However, contrary to his state- 
ment that the lymphoid tissue does not atrophy in 
adrenalectomized rats, atrophic changes were found. 
Allowing for the short interval before death, these 
changes were of the same order of magnitude as those 
seen in sham-operated intoxicated animals.?358 A 
marked adrenal hypertrophy has been noted in 
the rat after intravenous injection of all agents. 
This hypertrophy was due chiefly to an increase in 
water content, although increased adrenal nitrogen 
per gram of body weight accounted for some. No 
change in the concentration of ascorbic acid occurred. 
Total cholesterol concentration decreased and the 
per cent of free cholesterol showed a marked in- 
crease. Adrenal phospholipids increased, particularly 
after HN2 and HN3. Total lipids decreased. 

Although the above changes are concomitants of 
intoxication by the 8-chloroethyl vesicants, they are 
also seen during the first few days after severe thermal 
injury. The same is true for the changes in the electro- 
phoretic pattern of plasma in dogs and the increase 
in plasma cholesterol and fibrin in dogs and rats 
(described elsewhere in this chapter), and the above 
change in the partition of cholesterol in the adrenals 
of rats, for all these changes have been noted after 
scalding or freezing the skin, exposure to X rays, 
physical trauma, or intradermal injections of tur- 
pentine.°*® 

Occlusion of the blood supply to the legs of rats 
during and for 15 minutes after the intravenous in- 
jection of a 1.6 L.Ds5 dose of HN2-HCl protected the 
femoral marrow, whereas the sternal and humeral 
marrow became aplastic. Temporary occlusion of 
the abdominal aorta and inferior vena cava during 
and shortly after the intravenous injection of HN2- 
HCl prevented the development of granulocytopenia 
and protected the femoral bone marrow 1n rabbits.??^ 
When the blood supply to the small intestine of rats 
was occluded during and for 15 minutes after the 
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intravenous injection of HN2-HCl, the intestinal 
epithelium of the treated areas was uninjured, 
whereas the remainder of the gut showed alterations 
characteristic of HN2 intoxication.*¢ Cholinesterase 
in the kidney has been protected against inactivation 
by clamping the renal vessels during and for 15 
minutes following the intravenous injection of 15 
mg/kg of HN2.* Ligation of the common bile duct in 
rats prior to the subcutaneous injection of HN2-HCl 
did not prevent the intestinal lesion, thus demon- 
strating that these are not a result of the biliary 
secretion of the compound.” 

The serum of rabbits intoxicated with 1.5 LDs5» of 
HN2-HCI beeame more favorable for the growth of 
hemolytic streptococci, this effect first appearing 
about 4-8 hours after injection. Heating the serum 
to 65 C for 30 minutes appeared further to enhance 
this growth-promoting property. 


Systemic Pathology of HN2 
Intoxication 


The sequence of events after LD;, doses of HN2 
consists of a relatively asymptomatic period of 1-2 
days. During this time lymphatic injury is abrupt; 
the thymus, spleen, and lymph nodes involute 
rapidly, showing karyorrhexis, some karyolysis of 
the lymphocytes and a depletion of these cells, 
phagocytosis of the debris, and a persistence and 
proliferation of the epitheloid cells.*5.163 235 .e.à26:.31 
The hematopoietic cells of the bone marrow show 
injury, evidenced by changes in the staining reaction, 
vesiculation, and fragmentation of nuclei, and nuclear 
alterations in the megakaryocytes.* 525í23.57.931 The 
epithelium of the small intestine shows vacuolization 
and nuclear swelling.® 

Following this period, anorexia, weight loss, and 
mucoid diarrhea ensue, and finally prostration and 
death occur. During this time lymphatic atrophy 
persists. The hematopoietic cells of the marrow dis- 
appear uniformly and the marrow becomes aplastic, 
consisting of dilated sinusoids, fat cells, protein-rich 
fluids with a scattering of surviving cells including 
megakaryocytes, reticular, and endosteal cells. The 
peripheral blood is severely leucopenic, due to a pro- 
gressive fall in granulocytes. The red count falls 
slightly but reticulocytes disappear, and it is evident 
that the production of hematopoietic cells has ceased. 
The small intestine is distended with fluid, and 
gastric stasis, possibly attributable to pyloric spasm, 
is consistently present in small animals. From the 
pyloris to the cecum, the small intestine shows in- 
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flammatory and degenerative changes with hyper- 
emia, edema of the villi, sloughing of the epithelium, 
and metaplastic changes in the persisting and re- 
generating epithelium.* 

Animals surviving LD;, doses gradually recover 
weight and show restoration of bone marrow and 
lymphoid tissue and a return of leucocytes in the 
peripheral blood. The lymphocytes return rapidly, 
the granulocytes more slowly, and, as seen in the 
rabbit, recovery is characterized by a shift to the left 
in the appearance of pseudoeosinophilic polymorpho- 
nuclear leucocytes containing basophilic granula- 
tions, macropolycytes, agranular polycytes, baso- 
phils, and occasionally abnormal red cells.** The 
diarrhea subsides and the intestinal epithelium is 
restored to normal.® 

Other animals show similar restoration of the bone 
marrow and leucocyte count, but continue to lose 
weight, with or without obvious secondary infection, 
and die at a remote period. These deaths do not ap- 
pear to be directly related to the primary effects 
ot HN2. 

In mice, rats, and rabbits gassed at L(Ct)s9 con- 
centrations, most of the vapor is absorbed in the 
upper respiratory tract * and lung damage is mini- 
mal. Sufficient agent is absorbed from these sites to 
induce systemic intoxication as evidenced by hemato- 
logic and morphologic changes and by the occurrence 
of delayed deaths. 

When the hydrochloride is given orally, injury to 
the duodenal and jejunal mucosa with ulceration, 
hemorrhage, and sometimes perforation occur; °? 
squamous metaplasia of the intestinal epithelium is 
a feature of healing. Presence of food in the gastroin- 
testinal tract appears to exert a local protective 
action. Systemic intoxication can result from ab- 
sorption of the agent from the intestinal tract.* 

Comparison of the delayed systemic effects of HN2 
with other leucopenic agents (e.g., benzene and X 
rays) show that it is remarkably similar to X rays 
(including the enterotoxic action), whereas the 
parallel to benzene is less evident.*® 

In rats, HN2 produces more severe total systemic 
injury than the other 8-chloroethyl vesicants. Table 
9 shows the intensity of total systemic injury and of 
individual lesions in rats given LD;, doses by various 
routes. 

At sub-L D, doses these lesions are usually reduced 
in severity, but on subcutaneous administration, 
moderate weight loss, myeloid injury, and leucopenia 
coupled with mild enteritis and lymphoid atrophy 
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TABLE 9. Systemic effects in rats of LD;. doses of HN2. 
These data are an average of data reported in detail.‘ The abbreviations iv, sc, cut, and gas represent, respectively, in- 
travenous, subcutaneous, and cutaneous application, and exposure of the whole body to the agent dispersed by atomiza- 
tion. Intravenously and subcutaneously, a solution of HN2- HCl in physiological saline was administered. The free base 





was applied to the skin. 
*. Lesion Total 
NS systemic Lymphoid Myeloid Weight 
Route ^. injury atrophy injury Leucopenia Enteritis loss 

Iv Moderate Moderate Mild Moderate Absent Severe 
Se Moderate Moderate Mild Severe Severe Moderate 
Cut Moderate Severe Moderate Moderate Severe Severe 
Gas Moderate Moderate Moderate Absent Moderate Severe 





yield a total systemic injury which is only slightly 
less than that seen at LD;» doses.“ 

In a small series of rabbits, systemic injury was 
equally severe after cutaneous application and in- 
. travenous administration. After cutaneous applica- 
tion, lymphoid atrophy and bone marrow injury 
were moderate, leucopenia severe, enteritis mild, and 
weight loss very mild. After intravenous administra- 
tion, moderate bone marrow injury, mild lymphoid 
atrophy, severe leucopenia, moderate enteritis, and 
mild weight loss were seen." 

Other lesions typical of systemic action are not 
generally found. Congestion and edema in the lungs 
and gross congestion and hemorrhage in the trachea 
and larynx have been seen in animals given large 
subcutaneous doses of a solution of HN2 free base in 
tributyrin.5 Massive pulmonary edema occurs in 
guinea pigs dying within 24 hours after receiving 
5 mg/kg of HN2 dissolved in peanut oil subcutane- 
ously. The same dose given intraperitoneally does not 
cause pulmonary edema.!? Moderate interacinar 
fibrosis in the pancreas together with edema and 
some nonsuppurative inflammation has been seen in 
cats 10 days after initiating 4 daily intubations of 
5 mg/kg HN2-HCl in water." In monkeys given 
50-100 mg/kg of HN2 on the skin, the outstanding 
pathologic lesions, apart from the local pathology, 
were confined to the lymphatic tissues, which had 
almost disappeared.'?* 

A few observations made on the central nervous 
system have shown that lesions are difficult to 
demonstrate even when severe functional derange- 
ment has occurred. After moderately large doses of 
HN2, disintegration of the neuronal elements and of 
the interstitial myelin are observable in the lenticular, 
thalamic, and hypothalamic nuclei. Lesions of lesser 
grade are detectable in the caudate nuclei. The 
cerebral cortex, pons, cerebellum, medulla, and 
spinal cord are unaffected. The blood vessels in the 
involved regions are not primarily injured although 


smaller vessels of capillary size are frequently rup- 
tured and give rise to petechiae.** In monkeys re- 
ceiving 50-100 mg/kg of HN2 on the skin, coarse 
eosinophilic granulations in the cells composing the 
basal ganglia were the only lesions observed in the 
tissues of the central nervous system.*2 


LEeucotToxic ACTION 


The leucotoxic action of HN2 was first reported in 
gassed mice.5* In most animals intoxicated by any 
route, there is an early transient leucocytosis which 
may or may not be observed if counts are done at 
24-hour intervals. 76 38,57a.68,91,1232 "This leucocytosis 
is due entirely to an increase in granulocytes, since 
the lymphocyte count begins to fall almost immedi- 
ately after injection. It has been reported that the 
eosinophil count falls as rapidly as the lymphocyte 
count.” In dogs under Nembutal anesthesia with the 
thoracic duct cannulated, the lymph output during 
the first 5 hours was at first increased and then de- 
creased, whereas the lymphocyte content of the 
lymph decreased. This circumstance resulted in a 
normal lymphocyte output during this period. One, 
two, and three days after intoxication lymph flow 
was only one-half normal and the cell count per cubic 
millimeter was very much less than normal. Since 
the decrease in circulating lymphocytes was greater 
than the decrease in output of lymphocytes, it was 
concluded that there was an increased disappearance 
of lymphocytes from the blood in some unexplained 
fashion.” However, this conclusion should be 
weighed against the known short life of circulating 
lymphocytes.’ 

The total leucocyte count begins to fall between 
24 and 48 hours, reflecting the beginning decrease in 
cireulating granulocytes. In rabbits, the animals most 
studied, and in mice, this granulocytopenia culmi- 
nated usually in 3-4 days, at which time the total 
leucocyte count approached zero after LD;, doses, 
and few remaining granulocytes showing increased 
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maturity. In the dog there is a suggestion that the 
fall in the granulocytes is slower. Animals given 
2 mg/kg intravenously died at a time when the 
granulocyte count was relatively high, although 
there was almost complete depletion of myeloid 
tissue at death. This circumstance was attributed to 
the longer life cycle of the canine granulocyte.’ This 
delayed granulocytopenia seems confirmed in dogs 
receiving 1 mg/kg intravenously,!! but in dogs given 
1, 2, and 3 mg/kg subcutaneously it is stated that 
granulocytopenia appears pari passu with bone 
marrow injury, and that the granulocyte counts 
reached low levels in 3 days.?! 

It has been concluded that small intravenous 
doses of HN2 repeated daily in the rabbit have, after 
an intermediate slight depression, a stimulatory effect 
on heterophilic polymorphonuclear leucocytes, and 
a mildly depressive effect on lymphocytes. In view 
of the complexity of the procedures the original re- 
port should be consulted for details.*’4 

In animals surviving the culmination of hemato- 
poietic injury, regeneration is delayed for several 
more days. Meanwhile, hematopoietic centers in 
other organs, notably the liver, show marked evidence 
of stimulation, so that even in animals dying between 
the fourth and seventh days some restoration of the 
leucocyte count may occur prior to death. Rabbits 
given 3 mg/kg intravenously and surviving longer 
than 100 hours had “toxic? pseudoeosinophils, 
anisocytosis, macrocytosis, and polychromasia.® In 
surviving animals the lymphocytes appear to recover 
before the granulocytes; histologically, marked hy- 
perplasia in the thymus and lymph nodes parallels 
this recovery. Granulocytic recovery is spectacular 
in the blood, the white blood cell count rising from 
leucopenic to normal, or even supranormal levels 
almost overnight. This phenomenon appears to be 
related to the outpouring of immature granulocytes, 
and regenerative activity may persist for 2-3 weeks. 
(In some rabbits recovery from the initial leucopenia 
may be followed by a second period of leucopenia.?**) 
In mice, à species particularly sensitive to over- 
stimulation of the leucopoietic tissue, hyperplastic 
foci having the dimensions and intensity of a leuce- 
moid reaction have been observed after a 3- to 4-week 
interval.*:2> 


Some Observations on Human 
Intoxication 
Among men inadvertently exposed to HN2 vapor, 
2/6 complained of nausea 5 hours after exposure and 
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1 vomited for 12 hours after, but these symptoms 
passed off by the second day. Two patients showed a 
polymorphonuclear leucocytosis (10,000 cells/mm?) 
on the first examination, but the counts fell after 
about 4 days to 4,000—6,000 cells/mm?, with subse- 
quent recovery. Lymphocytes remained within 
normal limits, but one patient showed a temporary 
inversion of the polymorphonuclear leucocyte- 
lymphocyte ratio. An occasional "irritation" cell 
(Turck) was noted. Platelets tended to be on the low 
side of normal. Hemoglobin remained within normal 
limits in all cases.!?! 


22.6 tris(B-CCHLOROETHYL)AMINE 

(HN3, TL 145, 1070) 
22.6.1 Pharmacology 
ToxiciTY 


The toxicity of HN3 is shown in Table 10. The 
toxicity of aqueous solutions given ad libitum to 
animals is not readily resolvable since the experiment 
permits aging of the solution. As judged by weight 
loss and food and water consumption, adult rats in- 
gesting solutions of HN3 in tap water in concentra- 
tions of 100 and 50 ppm showed toxic reactions, while 
those ingesting solutions containing 25 ppm showed 
only minor reactions. These effects decreased as the 
solution aged. Adult rats intubated once with freshly 
prepared solutions of HN3 containing 16 ppm (0.32 
mg/kg) or more, showed a progressive increase in 
toxic reactions with increasing concentration, and the 
reactions were more severe than those observed in 
animals ingesting presumably comparable doses 
during 24 hours.??> 

When growing rats are fed solutions of HN3 in tap 
water, the solutions aging during the experiment, 
dilutions of 100, 50, and 25 ppm showed definite 
initial toxicity (judged by weight loss and fluid con- 
sumption) which was lost by the third day and 
possibly before.?9! 


PHARMACODYNAMICS 


Convulsive Death. At high doses given subcutane- 
ously in mice, intravenously in rabbits or cats, and 
cutaneously in rabbits, HN3 has a convulsant action. 
On intravenous injection in the rabbit, HN3-HCl, 
followingalatent period, produced convulsive seizures 
marked by severe opisthotonus.?* In the cat, follow- 
ing à period of apprehension, the convulsions alter- 
nated between periods of opisthotonus and flexion.**! 
In both species seizures recurred at lower doses, and 
death has been attributed to respiratory failure, 
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TABLE 10. Toxicity of HN3 for various species. (LD;oin mg/kg.) 
NBoute Cutaneous 
Intravenous Subcutaneous (free base) Oral 
Animal \| LD;) | Remarks| Ref. LDso Remarks Ref. LDs50 Ref LDs;o Remarks Ref. 
Mouse 2.0 HCl salt 23f, 81 7 23k 
3.2 HCl salt 63 ca. 10 16b 
6.9 Free base (?) 63 
8.0-10 | Free base in 84 
tributyrin 
Rat 0.7 | HCl salt 3 2.0 HCl salt 81 4.0 23q 5 | Mixed in high fat 56a 
diet, 24-hr fast 
2-5 Free base in 84 2-5 84 20 | Mixedin high pro- | 56a 
tributyrin tein diet, no fast 
Rabbit 2.5 | HClsalt | 23q 2.0 Free base 63 19 23q 
10 Free base in 84 5-10 84 
tributyrin 15-20* 56e 
10-20*,1 26k 
Guinea 7-10 | Free base in 84 20-30 84 
pig tributyrin 10-20*,1 | 26k 
2-51 104b 
Dog « 1.0 23q 10 56f 
Goat 20-30 Free base 84 20 84 
Neat 
* These values are LDio0’s. 
+ Expressed in terms of cubic millimeters instead of milligrams. 
t Report gives this value as ‘toxicity. ...’’ Whether the free base or the hydrochloride was administered is not stated. 


possibly the result of medullary anoxia. It 1s note- 
worthy that after the cutaneous application of large 
doses of HN3, signs of central nervous system stimu- 
lation were seen in rabbits.7**. The convulsive 
symptoms are less severe in subcutaneously injected 
mice. 

The acute convulsive phenomenon can be com- 
pletely prevented in cats and rabbits by the prophy- 
lactic administration of sodium pentobarbital which 
prolongs survival time but does not prevent death.?* 

In the anesthetized cat no muscarinic or nicotinic 
responses of the blood pressure were observed. In 
fact, atropine does not prevent a temporary acute 
vasodepression in the cat following rapid intravenous 
injections of HN3- HCl. In doses of 5-10 mg/kg, 
HN3-HCI caused a gradual fall in blood pressure 
over a period of several hours, shock levels even- 
tually being reached. Transitory respiratory stimula- 
tion followed intravenous injection of the com- 
pound.”® 

Paralytic Death. Below doses which are immedi- 
ately convulsive, there is a progressive development 
of muscular weakness, diarrhea, coldness, hyperex- 
citability and overactivity, retropulsive movements, 
tremors, and incoordination, culminating in prostra- 
tion, ultimate failure of respiration, and death after 
a number of hours.”** A cat surviving a subconvulsive 
dose and sacrificed at 4 days manifested complete 


anorexia, marked paresis, moderate mydriasis and 
pilo-erection, and a severe leucopenia without 
neutropenia.?6f 

Delayed Death. With low doses, death is delayed 
from 3-6 days and is identical with the delayed 
death produced in systemic intoxication by the 
other 8-chloroethyl vesicants. 

Other Pharmacologic Properties. HNN3 possesses 
parasympathicolytic properties. In anesthetized rab- 
bits and cats, HN3- HCl blocked the vagal fibers to 
the heart,”=:1%b and blocked the action on the heart 
of the parasympathomimetic drugs, acetylcholine 
and pilocarpine.!%> 

At a concentration of 1/150,000, HN3-HCl de- 
pressed the tonus and rhythmicity of isolated rabbit 
gut immersed in Tyrode’s solution, and the depres- 
sion was irreversible by washing. An increased tone of 
rabbit gut, induced by 1/60,000 pilocarpine nitrate, 
was depressed by HN3-HCl in a concentration of 
1/30,000, and further response to the smooth muscle 
stimulant was prevented.?* Some blood changes al- 
ready have been described. In rats given HN3. in- 
travenously no alteration in blood caleium oecurred.5* 


PHARMACOLOGY OF THE TRANSFORMATION PRODUCTS 
or HN3 


The toxicity of the transformation products and 
other derivatives of HN3 is shown in Table 11. 
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TABLE 1l. Toxicity of transformation products and other derivatives of HN3. (LD;, in mg/kg.) 


Substance 


1,1-bzs(8-Chloroethyl)ethylenimonium 
salt 


8-Hydroxyethyl-b;s(8-chloroethyl)amine 

1-(8-Chloroethyl)-1-(8-hydroxyethyl)ethy- 
lenimonium salt 

B8-Chloroethyl-b;s(8-hydroxyethyl)amine 


] 1-bis(8-Hydroxyethyl)ethylenimonium 
salt 


Iv — intravenous injection 
Ip — intraperitoneal injection 
Se = subcutaneous injection 


Remarks 


A 20-minute transformation solution 
containing 60 per cent of the orig- 
inal amine as the desired product. 

Hydrochloride salt dissolved in 
saline. 

The chloride dissolved in saline. 

A 60-minute transformation solution 
containing 90 per cent of the orig- 
inal amine as the desired product. 

Hydrochloride salt dissolved in 
saline. 

The chloride dissolved in saline. 

A 54-hour transformation solution 


containing 80 per cent of the orig- 
inal amine as the desired product. 


Triethanolamine 


iris(8-Hydroxyethyl)methylammonium 
chloride 

tris(6-Chloroethyl)amine oxide (HN3 
amine oxide) 


Saline 


1,1-b;s(8-Chloroethyl)ethylenimonium chloride 
showed no central action on intravenous administra- 
tion in rabbits.?*: 'T'here was no intense miosis or in- 
creased motor activity of the gastrointestinal tract, 
although there was an increase in saliva excretion. 
Although the animals tended to sprawl and had 
slight muscular weakness, the paralytic action, typi- 
cal of the parent amine, was not observed. At LDs5o 
doses (approximately 5 mg/kg), this derivative gave 
a peak leucopenia below 1,000 cells/mm? on the third 
day; 2 mg/kg gave only a slight leucopenia; and with 
10 mg/kg, death occurred in 36-48 hours with no 
leucopenia.?5: 
1-(8-Chloroethyl)-1-(8-hydroxyethyl)ethylenimon- 
ium chloride showed no central stimulatory action 
and only very slight parasympathomimetic action on 
intravenous administration in rabbits. A dose of 20 
mg/kg caused a weakness of the neck and leg muscles 
within 30 minutes, but this action was reversible and 
the animals survived until 20 hours. A dose of 
5 mg/kg caused a leucopenia amounting to 1,000 
cells/mm? on the fifth day, and 2 mg/kg depressed 
the count to 4,600 cells/mm? on the fifth day. With 
10 mg/kg early deaths precluded leucopenia.”® 
1,1-b2s(8-Hydroxyethyl)ethylenimonium chloride 
is devoid of central stimulatory and parasympatho- 
mimetic action. Within 15 minutes after a dose of 


Undiluted material. 


Route Animal LDso Ref. 
Iv Rabbit ca. 5 26i 
Ip Mouse ca. 1.5 20e 
Ip Mouse ca. 1.5 20f 
Iv Rabbit ca. 5 26i 
Ip Mouse ca. 16 20f 
Se Mouse 5 77 
Ip Mouse ca. 5 20f 
Iv Rabbit 20—50 26i 
Oral Rat 8,000 140 

Guinea 8,000 140 
pig 
Ip Mouse ca. 100 20e 
Ip Mouse ca. 3 20d 


20 mg/kg a definite muscular weakness (reversible 
with complete recoverv) appears, which may seri- 
ously impair respiration at 30 minutes. No depres- 
sion of the total leucocyte count occurred at 5 mg/kg 
and the count was lowered to only 3,300 cells/mm? 
by 20 mg/kg.”® 

An M/200 aqueous solution of HN3-HCl allowed 
to stand at between 13 and 15 C for 2 weeks sup- 
pressed the typical cardiac vagus action possessed 
by the parent amine.!°° 


PREVENTION OF SYSTEMIC ÍNTOXICATION 


The systemic intoxication produced by cutane- 
ously absorbed HN3 in the rabbit was prevented by 
extirpation of the HN3-contaminated skin '% to 1 
hour after the application of 15 and 20 mg/kg (LDs; 
and LD, respectively).*® Occasional animals were 
saved at either dose when extirpation was carried 
out at 2 and 3 hours after application. No significant 
success attended parenteral therapy with sodium 
thiosulfate 5f — a procedure which had proved ef- 
fective against intravenously administered 1-methyl- 
1-(6-chloroethyl)ethylenimonium chloride.?5: 

In dogs, intravenous administration of the leucocy- 
tosis-promoting factor of Menkin following the cu- 
taneous application of 10 mg/kg (approximately 
LD35$) of HN3 free base did not alter either the speed 
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or magnitude of the falling total leucocyte count, 
and 2/3 dogs failed to survive the experiment.59^ 
BAL administered intraperitoneally in rats 6 hours 
after cutaneous application of a 1.5 LD;5, dose, failed 
to give protection and appeared to enhance the 
toxicity of HN3.?« Medication with aminopyrine had 
no influence on mortality rate or survival time of mice 
injected subcutaneously with HN3- HCl at LD;, and 
2 LD; doses.?* 'The intraperitoneal administration 
of adrenal cortical extract did not consistently modify 
the mortality rate or survival time of rats intoxicated 
intravenously with an LD;, dose of HN3- HCl.??v 


SPECIAL STUDIES ON HN3 INTOXICATION 


Occlusion of the circulation to the small intestine 
in dogs during and for 15 minutes following the 
intravenous administration of 1 mg/kg of HN3-HCl 
partially protected the ischemic area as shown by 
post mortem examination.”*°y The extensive diarrhea 
and concomitant fluid loss were prevented, and the 
average survival time significantly prolonged. How- 
ever, ultimate mortality was unaffected and the 
clinical appearance at death was essentially the same 
as in unoperated controls. Mild anorexia and vomit- 
ing were occasionally present and weight loss was 
less marked. A parallel reduction of plasma volume, 
extracellular fluid, and total circulating protein oc- 
curred within 24 hours but was reversed by 48 hours. 
A further significant reduction (less marked than in 
unoperated controls) occurred between 72 and 96 
hours even in the absence of fluid and electrolyte loss 
by diarrhea. A significant leucopenia was present by 
72-96 hours. In operated intoxicated dogs, daily sub- 
cutaneous saline therapy increased fluid loss by 
diarrhea and vomiting as compared with operated 
intoxicated controls not given therapy, although 
fluid loss was less than in unoperated controls, and 
did not serve otherwise to alter the clinical course of 
intoxication?" Protection of the small intestine by 
occlusion of the blood supply during and for 15 
minutes following the intravenous injection of HN3 
did not affect the mortality rate in rats and rabbits, 
and only slightly prolonged survival time.??v 

A parenteral therapy consisting of amigen, glu- 
cose, and vitamin B complex prevented significant 
weight loss in intoxicated dogs (1.0 mg/kg intra- 
venously) until 24 hours before death. Survival time 
was not prolonged, and all dogs receiving therapy 
died (the dose was an LDsy). Marked vomiting was 
present, although diarrhea was absent. In 2 dogs 
determinations 1 hour before death showed a marked 
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reduction in plasma volume and total circulating 
protein. In 2 other dogs examined at the same time 
no significant changes were found and these 2 sur- 
vived 24—48 hours after the determination.” 

There is no evidence of renal vasoconstriction dur- 
ing HN3 intoxication. After intravenous administra- 
tion of 1 mg/kg of HN3-:HCI renal blood flow (as 
judged by the clearance of p-aminohippurie acid at 
low plasma levels) was increased in dogs at 24 hours 
or later. However, incipient upon circulatory failure, 
there was a terminal fall to low values, with no con- 
sistent change in the filtration fraction (glomerular 
filtration/renal plasma flow). The increased clear- 
ance of p-aminohippuric acid observed at 24 hours 
argues against any decrease in the extraction ratio 
of the substance and thus against specific renal 
tubular injury.?*t 

In 4 dogs receiving daily intravenous injections 
of 0.1 mg/kg of HN3-: HCl, the clinical symptoms 
characteristic of higher doses were absent, and the 
only evidence of intoxication was a moderate reduc- 
tion in the total leucocyte count. In each instance, 
recovery of the count began before the tenth day.” 

In rats intoxicated intravenously with 1.0 mg/kg 
of HN3-HCl, there appears to be increased capillary 
permeability of the intestinal wall. The injection of 
Evans blue dye (T-1824) at 48 and 96 hours after 
intoxication was followed by appearance of the dye 
within 3 minutes in the intestinal wall of intoxicated 
rats with ligated bile ducts. At this time the fluid 
and watery intestinal contents showed increasing 
coloration, whereas there was no significant colora- 
tion earlier (8 and 24 hours) when the intestinal 
contents were still solid.??! 

However, the disappearance rate of T-1824 in dogs 
intoxicated by 1 mg/kg of HN3-HCI intravenously 
administered revealed no significant increase by the 
third day of intoxication as compared with the same 
animals before intoxication. Thus, any possible in- 
crease in the permeability of the capillaries to al- 
bumin in the dog was less than the errors of the dye 
method. The possibly significant increase in the dis- 
appearance rate observed after the infusion of fluids 
on the third day of intoxication would tend to indi- 
cate an increased loss of albumin which agreed with 
the deficit of the total circulating protein (balance 
studies) in these dogs within an hour after fluid in- 
fusion.?3* 

Studies in water and electrolyte balance in dogs, 
following the cutaneous application of 20 mg/kg, 
have shown that an increased fluid intake paralleled 
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by an increased fluid output began within 24 hours 
and persisted through the survival. Accompanying 
the exaggerated rate of water exchange was a marked 
loss of extracellular and intracellular electrolytes. 
The loss of extracellular electrolytes, attributable 
only in part to vomiting, resulted chiefly from a 
renal defect in the tubular reabsorption of sodium 
and chloride. Approximately 50 per cent of the 
intracellular electrolyte (potassium) was accounted 
for by increased catabolism, presumably of the 
lymphoid tissue. The loss of the additional increment 
of potassium is unexplained. In some animals, ex- 
tracellular fluid volume was maintained at the ex- 
pense of osmotic dilution; in others, osmotic homeo- 
stasis was maintained at the expense of extracellular 
fluid volume. Still other animals showed an inter- 
mediate course. Variations in the hematocrit and in 
serum protein concentration were related to varia- 
tions in extracellular fluid volume and concentrations 
of extracellular sodium. The wastage of extracellular 
electrolytes exhibited by the HN3-poisoned dogs was 
not unlike that encountered in adrenal insufficiency, 
although serum potassium did not rise and no 
pathologic change was evident in the adrenals.* 


22.6.2 Systemic Pathology of HN3 


Intoxication 


In producing systemic pathology in rats, HN3 
ranks second to HN2 when all routes of administra- 
tion are considered and the systemic injury is judged 
by lymphoid atrophy, myeloid injury, leucopenia, 
enteritis, and weight loss. The wide variation in total 
systemic injury from route to route in H intoxication 
is not seen with HN3, although, as is the case with 
all the agents, variations in the severity of a single 
lesion are observed from route to route. Table 12 
shows the intensity of total systemic injury and of 
individual lesions in the rat following the administra- 
tion of LD;, doses by various routes. 
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At sub-LD;, levels these lesions maintain approxi- 
mately the same relationship to one another, with the 
exception of leucopenia, but they are reduced in in- 
tensity. Moderate to severe leucopenia was observed 
in all cases, except after gassing, following which 
leucopenia was mild. Severe diarrhea was noted 
after cutaneous application, slight diarrhea after 
intravenous injection, and none was noted after 
gassing. 14:23k,n,0,4 

In rabbits systemic injury is slightly less than in 
rats following intravenous administration and is 
about the same in both species following cutaneous 
administration. Intravenous administration caused 
moderate myeloid injury and mild lymphatic atrophy, 
which were together reflected in a moderate leuco- 
penia. Weight loss was moderate, and the enteritic 
lesion was mild.?^ Applied cutaneously, HN3 caused 
moderate lymphatic injury, mild myeloid injury, 
moderate leucopenia, moderate weight loss, and mild 
enteritis. The hematologic changes consisted of 
lymphopenia accompanied by a granulocytosis on the 
first day. The lymphocytes remained reduced in 
number during 4 days. On the third day a granulo- 
cytopenia became apparent. Toxic polymorphonu- 
clear leucocytes were observed on the third and 
fourth days.” 

In mice given HN3- HCl subcutaneously, a reduc- 
tion of circulating lymphocytes coincidental to severe 
injury to the lymphoid tissue, culminated within 24 
hours. Immature granulocytes disappeared in 24-48 
hours and mature polymorphonuclear leucocytes de- 
creased markedly in number on the third or fourth 
day, paralleling the later-appearing damage to the 
bone marrow. The only other changes were edema 
and superficial erosions in the tips of the intestinal 
villi and regenerative activity in the crypts with no 
consistent intramural changes.?* 

In mice receiving 0.05 mg/kg of HN3-HCl m 
for 10 days by subeutaneous injection, mild leucopenia 


TABLE 12. Systemic effects in rats of LD; doses of HN3. 
These data are an average of data reported in detail.!4 The abbreviations iv, sc, cut, and gas represent respectively intra- 
venous, subcutaneous, and cutaneous application, and exposure of the whole body to the agent dispersed by atomization. 
Intravenously and subcutaneously, a solution of HN3-HCl in physiological saline was administered. The free base was 


applied to the skin. 


^. Lesion Total 
hu systemic Lymphoid M yeloid Weight 
Route ^ injury atrophy injury Leucopenia Enteritis loss 
Iv Moderate Moderate Moderate Moderate Moderate Moderate 
Se Moderate Moderate Mild Absent Moderate Moderate 
Cut Moderate Moderate Mild Moderate Severe Mild 
Gas Moderate Mild Moderate Severe Moderate Moderate 





tris(8-CHLOROETHYL)AMINE (HN3, TL 145, 1070) 


appeared on the fourth day and lowered counts were 
prevalent during the remainder of, and for 5 days 
after, the injection period. À moderate to severe re- 
duction of the absolute number of lymphocytes char- 
acterized the entire injection period and recovery 
phase. The polymorphonuclear leucocyte counts were 
more variable and indicated a variable leucocytosis. 
Reduction of the erythrocyte count and of the hemo- 
globin level were observed, but these changes oc- 
curred later than the changes in the white cell count. 
Thrombocytes were not at any time reduced and 
were occasionally increased.”®! 

Histologic examination of the myeloid tissue indi- 
cated that normoblastic changes were confined pri- 
marily to the polychromatophilic stage. Myeloblasts 
were not involved apparently, but a striking in- 
crease in polymorphonuclear promyelocytes oc- 
curred. Myelocytes showed no significant change, but 
a two- to threefold elevation occurred in the per- 
centage of metamyelocytes. Megakaryocytes were 
generally increased .?! 

During recovery, polychromatophilie normoblasts 
rapidly returned to normal or supranormal levels, 
while the promyelocytes and metamyelocytes rapidly 
fell to normal levels.?*! 

It has been concluded that small intravenous doses 
of HN3 repeated daily in the rabbit have, after an 
intermediate slight depression, a stimulatory effect 
on heterophilic polymorphonuclear leucocytes, and a 
mildly depressive effect on lymphocytes. In view of 
the complexity of the procedures, the original report 
should be consulted for details.574 

Leucopenia has been described for mice exposed 
for 10 minutes to 0.75 mg/l of HN3;^ in rats ingesting 
solutions containing 100 and 50 ppm, and in rats in- 
tubated with a single dose.??^ 

Characteristic pathologic changes have been re- 
ported after subcutaneous and cutaneous administra- 
tion in other species as well as in the above animals. 
In addition, cardiac dilatation with flabbiness of the 
right side, and congestion of the liver, spleen, 
adrenals, and kidneys were reported. * 

The usual systemic injury was observed in dogs 
receiving 10-40 mg/kg of HN3 on the clipped shaved 
skin. In addition renal necrosis involving the epi- 
thelium, mainly of the distal convoluted tubules, was 
considered a significant lesion relative to the marked 
changes in electrolyte excretion which occur in HN3 
intoxication." Renal necrosis has not been reported 
elsewhere and lacks confirmation in other species and 
other routes of administration. 
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Some Observations on Human 
Intoxication 

Six subjects in terminal stages of incurable diseases 
were given repeated daily intravenous doses of 0.1 
mg/kg of HN3-HCIl in a course consisting of 3-10 
injections. Nausea, vomiting, headache, malaise, and 
drowsiness were the only immediate untoward sys- 
temic effects observed. Local reactions consisted of 
thrombophlebitis, and slough at the site of extravasa- 
tion. The hematopoietic response consisted of abso- 
lute lymphopenia, progressive normochromic anemia, 
thrombocytopenia, and severe leucopenia, with 
sranulocytopenia. During the developmental phase 
and again during the recovery phase a striking shift 
to the left occurred in the Schilling differential. 
Symptomatic therapy with blood transfusions and 
pentnucleotide seemed at times favorably to affect 
the clinical course and to initiate the recovery 
phase.?6 

In normal volunteers, the intravenous administra- 
tion of a single dose of 0.1 mg/kg of HN3- HCI in- 
duced headache appearing within 9 hours and per- 
sisting for periods as long as 11 hours, and nausea 
appearing within 9 hours and persisting from 1-3 
days. Vomiting and anorexia did not occur. Dizziness 
and weakness were felt by 2/4 subjects. All 4 subjects 
developed thrombophlebitis. 

Blood studies showed decreases of lymphocytes 
from an average control value of 2,500 cells/mm? to 
700 cells/mm? between the third and sixth days. The 
counts returned to normal by the fourteenth to 
twentieth days. Fasting blood sugar levels and elec- 
trocardiograms showed no changes in 2/2 subjects.” 
A thrombocytopenia has been observed after intra- 
venous intoxication.*! 

In volunteers ingesting 2-6 mg of HN3-HCI 
freshly dissolved in tap water, symptoms consisted 
of anorexia, recurrent nausea and vomiting, tenseness 
and fullness in the epigastric region, gaseous eructa- 
tions, and occasional mild diarrhea. Lassitude and 
mild depression were also prominent. These symp- 
toms were more pronounced following doses of 4 and 
6 mg, were mild at 2 mg, and were absent or slight 
at 1 mg. Recovery was complete in 48 hours.*» 

The oral ingestion of 1 mg 3 times daily for 5 days 
was tolerated with moderate symptoms; recovery 
promptly occurred on withdrawal of the agent. In 
those subjects ingesting a total of 15-18 mg, a moder- 
ate leucopenia became apparent in 5/7 "within 7-9 
days after the start of the drinking, and was more 
or less persistent in all instances for periods beginning 


22.0.3 





476 


7-25 days after the first doses and continuing for as 
long as 7 weeks after the first dose." Similar but less 
pronounced or definite changes were observed in men 
consuming a total of 7-9 mg and no significant 
changes were seen in those ingesting 3-5 mg. Among 
the subjects ingesting single doses, only one (6 mg) 
developed a transient leucopenia 10 days later. In 
all cases there was no significant alteration of 
erythrocytes.*® A recheck of these subjects 18 months 
after the experiment showed no further disturbances 
specifically referable to the agent.59» 

Among subjects ingesting varying doses (based on 
the parent amine) of solutions of HN3, hydrolyzed so 
that 1,1-bis(8-hydroxyethyl)ethylenimonium chlo- 
ride predominated, only those (2/2) ingesting the 
highest dose (24 mg) showed symptoms, consisting 
chiefly of nausea and vomiting. There were no 
changes in any subject in hemoglobin level, white 
blood cell count, hematoerit, or differential smears 
during 30-36 days after ingestion.*9 

In addition to local irritation (eyes and upper 
respiratory tract), headache and vomiting have been 
noted among humans inadvertently exposed to HN3 
vapor. During hospitalization no changes in body 
temperature, pulse rate, or blood pressure were ob- 
served and urine analyses were normal.!"° 


22.; ISOPROPYL-bis(8-CHLOROETH YL)- 
AMINE (ISOPROPYL-S, TL 301) 


The LD;,s of TL 301 administered as its hydro- 
chloride to various species by various routes are 
given in Table 13. TL 301 is more toxic than HN2 


TABLE 13. Toxicity of isopropyl-bs(8-chloroethyl)amine 
for various species. (LD;,in mg/kg.) 


Route Animal LDs0 Reference 
Se Mouse LI 16i, 23e, 81 
ea. 0.5 
Rat 1.0 231, 81 
ea. 2.0 
Iv Rat 0.5 23c 
Rabbit ca. 2.0 23e 
Oral Mouse 22.0 23e 


or HN3 when injected into animals in an aqueous 
solution of its hydrochloride. After subcutaneous ad- 
ministration in the mouse, the LD;, of an aqueous 
solution allowed to stand until equilibrium is ob- 
tained is between 10 and 20 mg/kg. This solution has 
only one-tenth the neurotoxic action of similar 
hydrolysates of HN2.*! 
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TL 301 possesses parasympathicolytie action, 
slowly blocking vagal inhibition of the heart in the 
anesthetized rabbit in doses of 20 to 30 mg/kg given 
intravenously. Unlike the action of atropine, which 
is readily reversible, the action of this amine and its 
analogs is irreversible. Unlike HN2, TL 301 does not 
stimulate the isolated intestine at low concentra- 
tions. Higher concentrations, however, produce 
marked depression, which is overcome by immediate 
washing but not by pilocarpine. Its parasympatho- 
mimetic action is less marked than that of HN2 and 
such phenomena as have been observed with TL 301 
may be central in origin.???^.^ Parenteral administra- 
tion of LD;, doses results in blood changes similar to 
those produced by other 6-chloroethyl vesicants, 
namely atrophy of lymphoid tissue and aplasia of 
the bone marrow.3:23b,c.57a Gassing mice with a vapor 
dosage equivalent to three times the L(Ct)so results 
in essentially the same hematologic and pathologic 
changes.®:'® It has been concluded that small intra- 
venous doses of TL 301 repeated daily in the rabbit 
have, after an intermediate slight depression, a 
stimulatory effect on heterophilic polymorphonuclear 
leucocytes, and a mildly depressive effect on lym- 
phocytes. In view of the complexity of the procedures, 
the original report should be consulted for details.°"¢ 

1-Isopropyl-1-(8- chloroethyl)ethylenimonium chlo- 
ride also has a leucotoxie action.??f 


COMPOUNDS RELATED TO 
NITROGEN MUSTARDS 


In Table 14 some of the compounds related to the 
nitrogen mustards are tabulated. 

It has been emphasized that all leucotoxic com- 
pounds in Table 14 are capable of cyclizing to form 
imonium ions.?! Extending this comparison, a cor- 
relation has been observed between the subcutaneous 
toxicities of the hydrochlorides of various amines and 
the half-life times of the amines in aqueous solution 
at 37 C and pH 7.4 (Table 15).? It appears that the 
toxicity varies inversely as the half-life, or directly 
as the lability of the amine, when allowance is made 
for the scatter usually encountered in toxicity de- 
terminations. This circumstance is not inconsistent 
with the deduction from chemical data that physio- 
logical reaction of the nitrogen mustards proceeds 
through the intermediation of the cyclic imonium ion. 

It is possible that correlation of toxicity with re- 
activity extends beyond lability of the amine and 
perhaps includes reactivity of the cyclic imonium 
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TABLE 14. Toxicity of compounds related to nitrogen mustards. 


A compound with an LD5o by subcutaneous injection <25 mg/kg is arbitrarily considered toxic; >25 mg/kg, nontoxic. 
Unless otherwise specified in footnotes, the compound was administered as the hydrochloride. 
N.T. = nontoxic by screening study 
T. = toxic by either screening (scr) study, or definitive (def) study 


ef a u a aaa e e ŘE 


Compound examined Remarks Ref. 
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I. Compounds containing one B-chloroalkyl group per N atom 
A. Secondary amines 


1. Methyl-8-chloroethylamine N.T., nonneurotoxic, 23g 
nonleucotoxie 
2. Ethyl-8-chloroethylamine N.T., nonneurotoxic, 23g 
nonleucotoxic 
B. Tertiary amines 
1. Diethyl-8-chloroethylamine N.T. 161, 23g, 26i 
Neurotoxie 29g 
Nonleucotoxic 23g, 26i 
2. Dimethyl-8-chloropropylamine NEL 16i 
C. Quaternary salts 
1. Trimethyl-8-(chloroethylthio)ethylammonium chloride* T. (def) 1 
II. Compounds containing two B-chloroalkyl groups per N atom 
A. Secondary amines 
1. bis(8-Chloroethyl)amine INST: 23f, 104b 
Leucotoxie at LDso 23f 
B. Tertiary amines 
1. Allyl-bis(8-chloroethyl)amine T. (def) 16j, 23f, 63 
Leucotoxie at LD5o 23f 
2. Propyl-bis(8-chloroethyl)amine T. (def) 161, 81 
Leucotoxic 57a 
3. Butyl-bzs(62chloroethyl)amine ID (86r) 16i 
4. sec-Butyl-bis(8-chloroethyl)amine Le (scr) 16i 
5. tert-Butyl-bis( 8-chloroethyl)amine TUCSGE] 16i 
6. iso-Butyl-b?s(8-chloroethyl)amine EASE ) 16i 
7. bis(8-Chloroethyl)-8-chloroallylamine Leucotoxic 57¢ 
8. bis(8-Chloroethyl)-8-propynylamine Leucotoxic 51C 
9. bis(8-Chloroethyl)-8-methoxyethylamine T Ser) 16i 
10. Cyclohexyl-bs(8-chloroethyl)amine T. (ser) 16i 
11. Benzyl-bis(8-chloroethyl)amine N.T. (ser) TT 161i 
Leucotoxic 57a 
12. Furfuryl-b?s(8-chloroethyl)amine T. (ser) 16l 
Leucotoxic 57b 
13. bis[8-[bis(8-Chloroethyl)amino Jethyl ] sulfide T. (ser) 16l 
14. Vinyl 8-[b?s(8-chloroethyl)amino Jethyl sulfone T. (def) 20m, 23w 
15. N,N,N',N"-tetrakis(8-Chloroethyl)ethylenediamine Le 16}, 23p 
Neurotoxic,T 23p 
leucotoxic 
16. bis(8-Chloroethyl)-4-chlorobutylamine T. (scr) 16k 
Leucotoxic 57a 
17. Methyl-b7zs(6-chloroethylthioethy]l)amine abe 16) 
Leucotoxic 57¢ 
18. Ethyl-bis(8-chloroethylthio)ethylamine Leucotoxic 57¢ 
19. Methyl-bis(8-chloropropyl)amine Neurotoxie,1 29g 
leucotoxic 
C. Quaternary salts 
1. bis(8-Chloroethyl)dimethylammonium chloride INGE: 16h, 23f 
Nonleucotoxic 23f 
2. Ethyl-vinyl-bis(6-chloroethyl)ammonium chloride N.T. 160 
3. bis(8-Chloroethyl)morpholinium chloride N.T., nonleucotoxie 291 


* Classification arbitrary. 


t Severe neurologic disturbances greater than those seen with the nitrogen mustards, often followed by rapid death. Death may occur 18 hours after 
injection and is attended by severe pulmonary injury. Systemic effects are qualitatively similar to those produced by nitrogen mustards. 


t Impure, compound in saline. 

§ In propylene glycol. 

|| In propylene glycol or neat. 

| Free base as well as the hydrochloride. 
** Nontoxic as the free base. 

Tt Neat. 
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TABLE 14. (Continued) 


Compound examined 


D. Unclassified 
1. bis(8-Chloroethyl)chloroamine 


2. bis(8-Chloroethyl)nitrosoamine 


3. N-bis(8-Chloroethyl)formamide 


III. Compounds containing three B-chloroalkyl groups per N atom 
1. bis(8-Chloroethyl)-8-chloropropylamine 
2. 8-Chloroethyl-b?s(8-chloropropyl)amine 


IV. Compounds containing four 8-chloroalkyl groups per N atom 
l. tetrakis(8-Chloroethyl)ammonium chloride 


V. Unclassified 
1. Diethyl-ó-chloropentylamine 


TABLE l5. Comparison of reactivity and toxicity of 
amines. 


LD;s are expressed in mg/kg for mice by subeutaneous 
injection of the hydrochloride dissolved in saline. The 
term i: (in minutes) measures the time necessary for one- 
half of the amine to cyclize to the ethylenimonium ion un- 
der physiological conditions (pH 7.4, 37 C). The term ky 
is the second-order specific reaction rate for the reaction 
of the ethylenimonium ion with water. 


Amine  Ethylen- 


reac- imonium 
tivity  reaetivity 
Compound LD so li kw 
Isopropyl-bis(8-chloroethyl)- 
amine 1.1 0.094 1.39 
Ethyl-bis(6-chloroethyl )amine 1.2-. 20,20 0.67 
Propyl-bis( 8-chloroethyl)amine L9 :0.100 0.95 


Butyl-bzs( 8-chloroethyl )amine ca. 2. 0.24 


tris( 8-Chloroethyl)amine 2.0 0.44 31.0 
Methyl-bis(8-chloroethyl)amine 26 16 0.90 
bis(8-Chloroethyl)-8-methoxy- 

ethylamine ca.3.0 0.64 
Methyl-8-chloroethyl-8-hydroxy- 

ethylamine 16.0 3.3 0.23 
Diethyl-8-chloroethylamine « 100 2.4 ~0.01 
Ethyl-8-chloroethylamine 1,000 825 


Methyl-8-chloroethylamine 21,000 965 


Remarks Ref. 


N.T.,1 Neurotoxic, 


nonleucotoxic 23g 
N.T.$ 23f,g 
Neurotoxic 23g 
Nonleucotoxic 23f 
N.T.,|| Neurotoxic, 23g 

nonleucotoxic 
T. (def) T 63 
E. (dere 63 
N.T. 20e 
NI 16m 


ion.? According to this hypothesis, the amine yielding 
the most reactive imonium ion should manifest the 
highest toxicity. Column 4 in Table 15 shows the 
reactivity of the ethylenimonium ions of some of the 
amines in column 2. Comparison of columns 2 and 4 
shows that changes in order (e.g., HN1 and HN3) are 
more serious and possibly equivocate the correlation 
between toxicity of the amine and reactivity of the 
imonium ion. However, it may be emphasized that 
the reaction rates in column 3 are determined in 
homogeneous solution and may not be applicable to 
complex biological svstems. Thus, the low toxieity 
position of HN3 compared to the high reaction rate 
of the 1,1-bzs(8-chloroethyl)ethylenimonium ion, 
may be accounted for by too rapid hydrolysis of the 
ring, or an even faster reaction with some non- 
essential cellular constituent, as compared with its 
reaction rate with some essential cellular constituent. 

Paucity of data prohibits the comparison of the 
toxicity of the ethylenimonium ions with their re- 
action rates. The pertinence of such a comparison is, 
moreover, doubtful, since the amine probably enters 
the cell with greater facility than the imonium ion. 
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MECHANISMS IN PRODUCTION OF CUTANEOUS INJURIES BY 


SULFUR AND 


NITROGEN MUSTARDS* 


By birdsey Renshaw 


INTRODUCTION 


HIS CHAPTER 1$ concerned with basic mechanisms 
lp ein cc in the production and mitigation of 
cutaneous injuries produced by vesicants of the sulfur 
and nitrogen mustard series. Attention will be 
focused principally upon laboratory studies. The 
data and concepts concerning practical problems 
relating to the skin injuries produced by these agents 
in the field have recently been summarized else- 
where. * 

It is considered that one purpose of this review is 
to provide future investigators in the field of skin 
physiology and toxicology with a guide to the infor- 
mation and ideas gained in the course of chemical 
warfare investigations during World War II. Atten- 
tion is therefore given not only to the results of 
studies that have culminated in definitive results of 
praetical importance, but also to various observations 
of an incomplete but provocative character. 

The majority of the investigations have entailed 
the use of mustard gas [b7s(6-chloroethyl) sulfide ], 
H. Among the other agents that have received at- 
tention are "one-armed" mustards such as benzyl 
B8-chloroethyl sulfide (benzyl-H); sesquimustard, 
1,2-bis(8-chloroethylthio)ethane (Q); bis(8-chloro- 
ethylthioethyl) ether (T) ; and the nitrogen mustards, 
ethyl-bis(8-chloroethyl)amime (HNI), methyl-bis- 
(8-chloroethyl)amine (H.N2), and frzs(8-chloroethyl)- 
amine (HN3). 

Some of the principal findings may be summarized 
as follows. When H is applied to human skin as liquid 
or as saturated vapor, it penetrates at a rate of about 
1—4 ug/cm?/min at an environmental temperature of 
75 F. About 12 per cent of the penetrating molecules 
rapidly react with and are "fixed" by nondiffusable 
components (principally proteins) of the skin. The 
remaining 88 per cent are carried away by the circula- 
tion. Considerable indirect evidence suggests that the 
fixation of H molecules by skin proteins is the initial 
step in the chain that culminates in gross cutaneous 
injury. The intermediate steps have not adequately 
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been elucidated. Lesions of vesicating severity are 
associated with the penetration of only 5-20 and the 
fixation of only 1 or 2 ug of H per square centimeter 
of skin (1.e., with exposures of only a few minutes’ 
duration at 75 F and of even shorter times at higher 
temperatures). Even when human skin is massively 
contaminated with liquid H there is never within 
the skin any significant quantity of free H that is not 
removed by surface decontamination, 1.e., by surface 
application of chlorinating agents or by liberal wash- 
ing with H solvents. Therefore, therapeutic attempts 
based on destruction of free penetrated H must be 
essentially valueless. Moreover, no significant suc- 
cess has been achieved in attempts to remove fixed H 
from the skin by procedures which do not themselves 
produce severe injury, or in other attempts at early 
or late treatment of H injuries. Thus, at the present 
time the practical means of combating the skin-in- 
jurant action of H are to prevent the agent from 
reaching the skin and, once it has reached the skin, 
to effect surface decontamination as rapidly and 
completely as possible. 

So far as is known, the other sulfur and nitrogen 
mustards behave much as does H except for quanti- 
tative differences in penetration rate and in injury- 
producing effectiveness of the penetrating molecules. 


23.2 GROSS AND MICROSCOPIC PATH- 
OLOGY OF VESICANT BURNS 


23.2.1 Pathology of Vesicant Burns on 
Human Skin 


GENERAL MACROSCOPIC AND CLINICAL 
OBSERVATIONS 


Depending upon the severity of exposure and the 
susceptibility of the exposed tissue, a vesicant may 
produce cutaneous injury characterized at its peak 
by macroscopic changes varying from faint and 
transient erythema to coagulation and necrosis of 
the entire epidermis and dermis (corium). The mani- 
festations of injuries progressively more severe than 
threshold are: erythema (E) of increasing intensity, 
raised (edematous) erythema (E*), scattered small 
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"pinhead" vesicles (PHV), and one or several large 
blisters or vesicles (V). In the case of still more 
severe burns the central region may be so severely 
injured that the processes leading to the accumula- 
tion of edema fluid are arrested before a blister is 
produced. The lesion is then characterized by a flat 
region of coagulated epidermis and corium, often 
surrounded by a narrow annular ('"doughnut") 
vesicle. Occasionally small, relatively mild lesions on 
the skin of the forearm develop necrosis, charac- 
terized by a whitish centrum on an area of erythema, 
without or previous to the formation of macro- 
scopically visible vesicles. Furthermore, men ex- 
posed to the vapors of H or nitrogen mustards in 
field and chamber trials, particularly under hot and 
humid conditions, frequently develop on various 
parts of the body areas of dry and/or moist macera- 
tion and desquamation without the intermediation 
of vesicle formation.®!:*:137 The skin of the scrotum 
and penis frequently reacts in this way, although 
upon occasion large blisters may develop upon the 
genitals as well as upon other so-called sensitive 
areas (e.g., the axillae).!:1% 137 

The degree of incapacitation produced by a vesi- 
cant burn depends upon its location and size as well 
as upon its severity. Other things being equal, various 
types of lesions may be grouped in ascending order of 
incapacitating potency as follows: !97.199 

1. Faint erythema. 

2. Definite erythema, equivalent to faint erythema 
with dry desquamation. 

3. Definite erythema with dry desquamation or 
pinhead vesication, equivalent to raised (edematous) 
erythema. 

4. Definite erythema with areas of moist desqua- 
mation or frank vesication, equivalent to raised 
(edematous) erythema with dry desquamation or 
pinhead vesication. 

5. Raised erythema with areas of raw desquama- 
tion or frank vesication. 

Regardless of the ultimate severity that an H 
lesion may, attain, there 1s an initial post-exposure 
period, usually of one to several hours! duration, 
during which there is neither clinical nor macroscopic 
evidence that injury has been sustained.?;8 5 Ery- 
thema then develops, to be followed by the further 
changes if the injury is sufficiently severe. Inasmuch 
as the interval between exposure and the initiation 
of irreversible biochemical changes is very brief (see 
Sections 23.3.2 and 23.4), the major part of the non- 
reactive period is to be regarded as an interval be- 
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tween injury and grossly visible reaction rather than 
as an interval between exposure and injury. Negative 
though macroscopic evidence is, however, careful 
cytological observations and physiological studies on 
the blood vessels of the dermis do reveal that detect- 
able pathological changes have set in within a few 
minutes after application of liquid H to human or 
animal skin (see Sections 23.2.4 and 23.2.5). 

In the case of circumscribed experimental burns on 
the skin of the forearm or abdomen, the height of the 
reaction frequently is not attained within 24 hours 
but usually is reached within 48 hours.?;/? The ap- 
pearance between 24 and 48 hours thus suffices to 
give a good measure of the extent and nature of the 
damage that has been sustained. 

Representative data on the time course of the 
development and healing of circumscribed experi- 
mental H and nitrogen mustard (HN3) burns of 
moderate severity on forearm skin are presented in 
Table 1. On the other hand, injuries caused by small 


TABLE 1. Development and healing of injuries produced 
by the vapors of H and HN3 on skin of the human fore- 
arm,’ 

Edgewood-type vapor cups were applied to the skin of 
the forearms of six men at a room temperature of 80 +1 F 
and relative humidity of 51 per cent. The exposure time 
to H was 10 minutes; to HN3, 100 minutes. Inasmuch 
as the volatility of H is about eight times that of HN3, 
the vapor dosages (Ct’s) were approximately equal (i.e., 
H — 0.8 X HN3). 


Appearance of skin H HN3 
First trace of erythema ( E-?) 1 + hours 1 — hours 
Definite erythema (E) 2-3 hours 1.5-2.5 hours 
Raised (edematous) ery- 

thema (E*) 8—12 hours 4—8.5 hours 
Pinhead vesication (PHV) 13-22 hours (13) hours* 
Coalesced blister ( V ) 16-48 hours (16-18) hours* 


Maximumc-sized blister or ne- 
erotic area* 
Complete denudation of skin 


48-72 hourst 54-72 hours*i 


surface 6—9 days 8-12.5 days 
Removal of scab 20—28 days 16-25 days 
Complete healing 22-29 days$ 17—36 days || 


* Four of the six HN3 lesions progressed from the E* stage to a whitish 
necrotic lesion without the formation of vesicles. This difference with 
respect to the H lesions in this series is to be regarded as dependent at least 
in part upon chance and upon the dosages employed, and not necessarily 
upon a characteristic difference between the effects of H and HN3. H can 
also produce necrosis without vesicle formation. 

+ Average = 52 hours. 

t Average = 54 hours. 

§ Average = 25+ days. 

|| Average = 25— days. 


doses of liquid H and 2-chloro-1,3-bzs(6-chloroethyl- 
mercapto)propane sometimes take about a week to 


attain maximum severity as evidenced by macro- 
scople appearance.?* The results of field and chamber 
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trials also indicate that the development of injury, 
and certainly the maximum ineapacitation that re- 
sults from it, are considerably delayed after exposure 
to mild and moderate dosages of H vapor (i.e., 
dosages sufficient to produce "injury without dis- 
ability” or “partial disability,” but not “total dis- 
ability.” Fresh vesicles sometimes appear on various 
parts of the body as late as 7-12 days after ex- 
posure.791345144 Analysis of the results of an extensive 
series of trials in the tropics reveals that more men 
were incapacitated at 10-12 days than at earlier or 
later times after exposure.?? [n spite of this delay, 
however, it is said to be possible as early as the first 
day to make a fairly satisfactory prognosis of the 
degree of incapacitation that will later develop.“° The 
apparent difference between the times for maximum 
development of circumscribed experimental burns 
and of the more extensive burns sustained on various 
parts of the body in field and chamber trials may be 
due, in part, to differences in the severity of the two 
types of burns as usually studied and in the criteria 
used in evaluating them. It may also be due in part 
to other factors, such as the size and location of the 
injured areas of skin (see Section 23.7). The results 
of field and man-chamber trials show that in the case 
of very severe vapor burns, and also of liquid burns 
which are almost always severe, macroscopic injury 
develops rapidly and maximum incapacitation is 
sustained within 1-2 days.* 

A number of observations have been made on the 
healing time of vesicant burns.!2:451,79,85,118,37 Again, 
both size and severity, and possibly the post-exposure 
conditions as well, are important factors. When the 
injury is sufficient to destroy the entire epidermis 
and much or all of the corium (i.e., necrotizing 
lesions), the healing of even small areas is slow (i.e., 
6-8 weeks). Dosages insufficient to destroy the corium 
and the deeper islands of epithelial cells may still 
produce vesication, but the healing time as evidenced 
by epithelialization may then be considerably shorter 
(1.e., 2-4 weeks). 

Preliminary observations have been made on the 
electrical correlates of developing and healing chemi- 
cal burns.“ 


HISTOLOGICAL STUDY oF Briorsien H BURNS 


The National Defense Research Committee 
[NDRC ] group at Harvard University has made a 
histological study of a large series of experimental H 
burns of varying severity.” Liquid H was applied 
to circumscribed areas of human abdominal skin and 


the sites were decontaminated after predetermined 
exposure times. Sixty-one exposed sites were ex- 
amined histologically after surgical excision at in- 
tervals up to 38 days after exposure. The severity of 
the injury was determined principally by the ex- 
posure time and the environmental temperature. 
Three broad categories of injury were defined and may 
be described as follows: ^ 

1. Mild or subvesicating injuries. The lesion reaches 
its acme with little or no vesication (i.e., at most a 
few miliary blisters develop). Microscopic examina- 
tion of sites excised 3-6 hours after exposure show 
swelling of nuclei throughout the malpighian layer of 
the epidermis, and hyperemia and edema of the tips 
of the dermal papillae. The central portions of the 
affected nuclei become homogeneously pale and the 
remaining chromatin is scanty in amount and periph- 
eral in position. The nuclear swelling does not neces- 
sarily indicate that irreversible damage has been 
sustained, for many of the cells recover. Twelve to 
eighteen hours after exposure, however, the swollen 
nuclei of some of the cells become pyknotic, and lysis 
and disintegration of their cytoplasm takes place. 
This liquefaction necrosis usually is undergone by 
small groups of cells located in the deepest portion 
of the malpighian layer immediately above the tips 
of the dermal papillae. There is no through-and- 
through destruction of the epidermis if the injury 
remains mild; the foci of necrosis do not continue 
to enlarge and so remain macroscopically invisible, 
or at most lead to the formation of miliary blisters. 
In the mildest injuries the irreversible damage 
(necrosis) involves individual cells rather than groups 
of cells. 

The injury often reaches its peak so far as the 
epidermis is concerned within 24—48 hours, but oc- 
casionally 4 days elapse before the full extent of irre- 
versible change is apparent. The injury is then char- 
acterized by: (a) diffuse nuclear swelling throughout 
the malpighian layer, with varying degrees of loss of 
chromatin; (b) pyknosis of nuclei within some cells 
that otherwise appear to be intact; (c) foci of lique- 
faction necrosis in the deepest layer of the epidermis 
immediately above the dermal papillae; and (d) hy- 
peremia, edema, and perivascular mononuclear in- 
filtration of the dermal papillae. 

At 3-4 days after exposure the mild injury is 
characterized by (a) augmented desquamation, lead- 


b The results are in general accord with those based on a 
smaller series of burns of the forearm and presented in a re- 
port *5 in which the earlier literature is reviewed. 
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ing to the disposal of dead cells; and (b) augmented 
mitotic activity in the basal layer, leading to the 
replacement of the destroyed cells. These processes 
may be observed for as long as a week after exposure. 
In some individuals there is an accretion of pigment 
around the lesion and a persistent state of irritation 
of the vessels of the underlying dermis. 

2. Vesicating injuries. During the first 6-12 hours 
of the reactive period the microscopic changes are 
similar to those seen in cases of mild injury. How- 
ever, the microscopic foci of liquefaction necrosis 
present at the end of 12 hours continue to enlarge 
and coalesce, so that eventually all or most of the 
exposed epidermis becomes separated from and ele- 
vated above the dermis. As the blister develops with 
the further accumulation of fluid, erythema gives 
way to ischemia and the lesion becomes pale. The 
blister fluid consists to a small extent of the detritus 
of broken-down cells and to a large extent of edema 
fluid. Although most of the disruption of epidermis 
from dermis occurs at the site of liquefaction necrosis, 
there is evidence that the traction exerted on living 
and relatively undamaged cells at the margins of 
vesicles frequently enlarges the lesions beyond the 
limits of the original cytotoxic damage. There is more 
pronounced exudation of mononuclear and polymor- 
phonuclear cells in the dermis than occurs in mild 
lesions, and subsequently there is desiccation and 
coagulation necrosis of all or most of the corium. Be- 
ginning ingrowth of epithelium from the normal 
epidermis at the margin can usually be recognized 
within 72 hours after exposure. 

Despite this early evidence of regenerative activity, 
the damaged corium is at first incapable of maintain- 
ing the newly regenerated epidermis. Not until about 
the second week is the marginal ingrowth of epithe- 
lium able to survive, and not until between 4 and 5 
weeks after exposure is the epidermal defect com- 
pletely and permanently healed. The slowness with 
which permanent epithelialization 1s accomplished 
apparently depends on the functional state of the 
dermis. In the beginning new epithelium grows over 
a dermis that is dead or dying. Frequently a brightly 
acidophilic zone of necrotic collagen can be recog- 
nized between viable dermis and new epidermis. 
Later the tentative epidermis is supported by a dense 
cicatrix. Finally, the last and successful crop of re- 
generated epithelial cells is supported by a vascular- 
ized layer of loose connective tissue that bears a close 
resemblance to the original corium. 

3. Coagulation necrosis. The most severe type of 
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injury leads to the formation of a lesion that shows 
vesication only at its outermost margin (““doughnut”’ 
or annular blister). Throughout the center of the 
lesion the skin is tanned or coagulated in such a 
manner that fluid never accumulates in sufficient 
amounts to separate the dead from the living cells. 
Macroscopically the centrum becomes pale and takes 
on an opaque, parchment-like appearance. In the 
early stages of reaction such an injury is micro- 
scopically indistinguishable from milder lesions. In 
some instances abortive foci of liquefaction necrosis 
appear, and in other instances nuclear swelling and 
pyknosis occur throughout the entire thickness of the 
epidermis. However, other immediate morphological 
changes in cells or in intercellular relationships do not 
develop. 

The necrotic epidermis retains all or a large part 
of its connection with the dermis, and a week or more 
elapses before a zone of demarcation between tbe 
dead and the living tissue becomes recognizable. The 
epidermis together with the adjacent zone of necrotic 
dermis remains 7n situ and desiccates to form a plate- 
like sequestrum which apparently interferes with 
healing so long as it remains interposed between 
the margins of the defect. 

Whereas the final epithelialization of a vesicating 
type of injury is usually accomplished within 4-6 
weeks, this more severe type of lesion may require 
several weeks longer to heal. 


23.2.2 Pathological Changes in Animal Skin 
GENERAL OBSERVATIONS 


The effects of vesicants on animal skin have been 
extensively studied and are of importance because of 
the frequent unavailability of human material for 
experiments on the mechanism of vesicant action, 
decontamination, and treatment. More or less com- 
plete descriptions of the sequence of pathological 
changes due to applications of H have been reported 
for the pig, ??* goat, dog,™ rabbit,? +2748) pate 
113q and mouse. 8?.110a,e,131 

There are several obvious anatomical differences 
between human and. animal skin. The skin of most 
suitable test animals contains no sweat glands in 
the regions where extensive tests can practically be 
carried out (i.e., the glands are limited to the toe 
pads and snout), and it possesses fewer layers of 
epithelial cells but many more hair follicles than the 
skin of man. These differences may affect the rate 
and mode of penetration of vesicants and of possible 
therapeutic agents as well.” 
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The most conspicuous difference between the 
pathological responses of human and animal skin to 
agents such as H and the nitrogen mustards is that 
animal skin usually does not vesicate. Exceptions to 
this generalization are described below. As an ex- 
planation of the absence of vesicle formation it has 
been suggested that animal skin, because of its thin 
epidermis, is so completely coagulated that extensive 
accumulation of fluid is impossible. The inadequacy 
of this interpretation is made evident by the finding 
that vapor dosages, ranging from those which suffice 
to produce only threshold injury to those which 
destroy the entire skin, ordinarily do not produce 
vesicles on the usually tested areas of the body sur- 
face of pigs and other animals.” It has not been de- 
termined whether the absence of vesication in ani- 
mals is due to the elicitation of a different kind of 
exudative response or to a firmer and less destructible 
anchorage between the epidermis and the corium. 

Another gross difference is that injuries on animal 
skin usually develop and heal more rapidly than 
comparably severe injuries on human skin, even 
though human skin may be the more susceptible to 
injury.7?2*?7 In the rabbit, for instance, erythema 
becomes visible within 10-20 minutes after applica- 
tion of liquid H.? | 

Other differences and similarities between H burns 
in man and animals (rabbit, pig) have been de- 
scribed as follows: !? 

1. The early microscopic degenerative changes in 
the epidermis are similar in the three species, and 
human lesions of the mild and severe types bear a 
close resemblance to the corresponding animal lesions. 
Epithelium in the hair follicles is destroyed to about 
the same depth in man and animals, but in animals 
there is a greater tendency on the part of the sur- 
viving follicular epithelium to participate in the 
healing process. 

2. Dermal injury in the form of hyperemia, 
hemorrhage, exudation, and necrosis is more pro- 
nounced in animals than in man. The more severe 
an injury in man, the more quickly does hyperemia 
of the central portion give way to ischemia, whereas 
in animals lesions of increasing severity are char- 
acterized by increasing hyperemia. A significant 
amount of bleeding rarely occurs from the capillaries 
in human skin, but in animals dermal hemorrhage is 
an early and prominent manifestation of injury. 
Exudation of white blood cells is ordinarily an in- 
conspicuous feature of uninfected cutaneous injuries 
in man. In animals on the other hand, the damaged 


epidermis often becomes extensively undermined 
within 3 days by mononuclear and polymorphonu- 
clear cells. Furthermore, the human dermis rarely re- 
acts with necrosis of more than the more superficial 
layers, whereas in animals (particularly rabbits) the 
dermal destruction is more extensive and frequently 
the entire thickness is replaced by new connective 
tissue during the healing process. 


VESICATION OF ANIMAL SKIN 


The cutaneous injuries produced in animals by 
vesicants usually are not characterized by the ele- 
vated blisters that are such a prominent feature in 
burns of human skin. In a number of investigations, 
however, vesicles or vesicle-like structures have been 
observed in animal, bird, and frog skin following 
applications of H, L, or HN2.24:%a,42,48¢,55,59,78a,74¢, d,e,f, 
83,109b ,c,117,154,160 Tn some of these cases histological ex- 
amination revealed that the vesicles had the char- 
acteristic intra-epidermal structure of blisters on 
human skin.99745.4,5!7 [n other instances the epi- 
dermis remained intact and the apparent blister 
was merely the result of greater fluid accumulation 
in the corium than usually characterizes the edema 
of injured animal or bird skin. 746.83,160 

A particularly interesting example of vesication of 
animal skin has been observed in the regenerating 
epidermis of the guinea pig.*? Thermal burns were 
made on the backs of guinea pigs by the application 
of a heated iron rod, and the epidermis was then 
scraped away. About 8 days later, when a scab had 
formed and fallen off, the regenerated epithelium 
was found to be considerably thickened and stratified, 
resembling that of man, but lacking hairs or sebaceous 
glands. Applications of small doses of H or L at this 
time produced blisters after a latency of several 
hours. The blisters were not accompanied by the in- 
tense dermal edema that occurs when the vesicants 
are applied to the normal, very thin epidermis of the 
guinea pig. Inasmuch as the regenerated epithelium 
lacked hair follicles or glands, it is obvious that the 
vesicants had penetrated the epithelium itself. 

Intra-epidermal blisters can also be produced on 
the skin of the mammary gland of lactating bitches 
by applications of H., either as vapor or liquid.7*» 74e. 
The epidermis at and near the nipple possesses a 
thickness and stratification similar to that of human 
skin, whereas away from the nipple and on most other 
parts of the body it consists of only one or two layers 
of small cuboidal cells. The epithelium of the skin of 
the rabbit’s ear also to some extent resembles that 
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of human skin, and blisters have been produced upon 
it by applications of H and L.™°:4:*4 In the case of 
the blisters produced by L, histological examination 
demonstrated that the large accumulation of fluid 
was intra-epidermal.“*:¢ The H burns were not ex- 
amined microscopically. 


Comparison of H Burns with 
Thermal Burns 


One of the impressions occasionally cited in the 
chemical warfare literature is that H burns heal more 
slowly than comparably severe thermal burns. It 1s, 
of course, difficult if not impossible to define or ob- 
tain equally severe burns of the two types. However, 
investigators of the subject during World War II 
have been more impressed by a similarity than by a 
difference in healing time between the two types of 
burns.!?.41£,55,5 ''he most obvious difference is in the 
latent period for production of grossly and micro- 
scopically visible damage, and there are less pro- 
nounced differences in the details of the tissue re- 
sponse. 1:55:15 Tt has also been noted that treatment 
with pyruvic acid and starch paste is more effective 
in removing the slough of the thermal than of chemi- 
cal burns, and that accordingly under this treatment 
the thermal burns heal more rapidly.*** 


23.2.3 


23.2.4 Earliest Morphological Evidences 
of Injury 

Although direct application of liquid H to living 
cells (e.g., in tissue culture) produces immediate 
coagulation or fixation,!' as stated above applica- 
tion of H to the skin is followed only after a con- 
siderable interval by gross or clinical morphological 
changes of a pathological nature. In animals visible 
injury develops somewhat more rapidly than in man, 
perhaps because the relatively thick keratinized 
layers in the skin of man imposes more of a barrier 
to the rapid rate of penetration of applied H to the 
underlying living cells. In this section will be reviewed 
data on the earliest signs of injury in animals, as 
based on gross and cytological observations. Com- 
parable cytological studies have not been carried out 
on human skin. The results show that evidences of 
injury develop within a matter of minutes after ap- 
plication of H to animal skin. In the following section 
(Section 23.2.5) additional evidence will be presented 
that injury demonstrable by physiological methods 
also develops within a matter of minutes after ap- 
plication of H to human and animal skin. 

Clinical observation reveals the development of 


erythema within 10 minutes after application of H to 
rabbit skin;?? the redness progressively increases, 
and within 1-3 hours the lesion is strongly. demar- 
cated from the surrounding normal skin by tense 
edema. The further course of the lesion has been 
described in detail.27 

Histological and cytological observations reveal 
the following alterations in the skin of small mam- 
mals treated with liquid H: 

1. In mice, cytoplasmic and nuclear changes were 
evident within 10 minutes.* At this time the nuclei 
of basal cells of the epithelium had become hyper- 
chromatic and irregular in shape. Within 20 minutes 
the epithelial nuclei had become greatly shrunken 
and squeezed against the wall of the cells by ac- 
cumulation of hydropic fluid in the cytoplasm. There 
were traces of dermal edema and evidence of migra- 
tion of polymorphonuclear leucocytes and histiocytes. 
The nuclei of the dermal fibroblasts were hyperchro- 
matic and shrunken, and the cytoplasm had become 
abnormally granular. Morphological changes in the 
endothelium of the blood vessels were not obvious. 

2. In a study on rats, changes in the epithelial 
cells escaped detection at 15 minutes, but the dermis 
was characterized by mild, diffuse edema, sparse 
cellular infiltration, and hyperemic blood vessels.*% 
Within 1 hour the epidermal cells had become dis- 
torted and shrunken, and the dermal changes men- 
tioned above were more pronounced. In addition, 
there was evidence of damage to the walls of some of 
the blood vessels. 

3. Applications of H in an organic solvent to the 
skin of mice and rats were followed within 1 hour by 
the development of (a) altered staining properties of 
the mitochondria in cells of the epidermis and dermis, 
(b) small vacuoles in some of the basal epithelial 
cells, and (c) the conspicuous appearance of many 
lymphatics, indicative of an edematous state.* 


23.2.5 Circulatory Changes in H Lesions 


An important physiological method for the study 
of the properties of the smaller blood vessels depends 
upon the intravenous injection of blue dyes (e.g., 
T-1824 or Evans blue) which penetrate slowly 
through the walls of normal capillaries but rapidly 
through the walls of injured vessels. Injection of 
small doses of such a dye is rapidly followed by the 
development of blue coloration in regions where the 
vessels are abnormally permeable, whereas the colora- 
tion of normal regions is less intense and develops 
more slowly. Circulatory stasis may be demonstrated 
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by the injection of large doses of dye; normal areas of 
skin then assume a blue coloration, whereas regions 
in which the circulation has stopped remain color- 
less. 

Use of this method has demonstrated both for 
animals and man that application of liquid H to the 
skin is followed within at most a few minutes by the 
development of abnormally high permeability of the 
vessels of the dermis.?7:99.?35 In man there is evidence 
of increased capillary permeability within 10 minutes, 
even though detectable erythema does not develop 
within less than 1—2 hours.?3 In rabbits the increased 
eapillary permeability develops even more rapidly 
(1.e., within 3-5 minutes or less).?7:95,95 

The intravenous injection of carbon suspensions 
likewise reveals that in mice the dermal capillaries 
have assumed abnormal properties within 10 minutes 
after application of liquid H to the overlying skin 
surtace.** The carbon particles adhere to the endo- 
thelium in larger quantities than in normal areas of 
skin, indicating an increased stickiness. At a some- 
what later time both free and phagocytosed particles 
can be seen to have passed through the capillary 
walls into the dermal tissue. 

In spite of the rapid development of injury to the 
dermal vessels as revealed by their increased permea- 
bility, circulatory stasis does not develop in rabbits 
for 3-12 hours even in skin severely burned by ap- 
plication of 2.5-4.5 mg: of liquid H.?’? Observations on 
human skin are lacking except for an isolated obser- 
vation.!?^ [In this instance a small drop of H was 
applied to the forearm and decontaminated after 10 
minutes. Erythema became apparent after 1.5 hours 
and a blister had developed after 24 hours. The 
dermal capillary circulation as observed micro- 
scopically was vigorous during the stage of erythema 
(1.5-7 hours). It was also vigorous when examined 
after the roof of the blister was removed at 24 hours, 
and was continuing at 34 hours, after which time the 
lesion dried and became opaque. Presumably, cir- 
culatory stasis would be observed to develop more 
rapidly in the case of severe injuries characterized 
by coagulation necrosis. 

An important and detailed study of the develop- 
ment of circulatory and lymphatic changes in vesi- 
cant-treated rabbit skin has been made ?? and should 
be consulted in the original by readers interested in 
this phase ot the vesicant problem. 

It may also be noted that injected H produces 1m- 
mediate vasomotor effects (see Chapter 22). These 
effects may or may not be identical with one or more 
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of the actions of H which in the skin contribute 
significantly to the production of vesication and 
necrosis. In any event, denervation appears to have 
little or no effect on the sensitivity or response of skin 
tö vesicants: ani 

A number of investigators have shown that H 
blister fluid is not toxic or vesicant. In addition, 1t 
has been demonstrated that irritant substances in 
lymph draining from an H-treated area of rabbit skin 
are not sufficiently concentrated or potent to play an 
important role in increasing the size of the cutaneous 
lesion.?? 

In the classical paper in which Lewis and. Grant? 
adduced evidence to show that the capillary dilata- 
tion and increased capillary permeability evoked in 
skin injured by mechanical and thermal trauma are 
due to the liberation of a histamine-like substance, 
it was also proposed that a similar mechanism may 
underlie the skin-injurant action of H and other 
vesicants. Lewis’ concept, as well as Menkin’s more 
recent work on biochemical units in inflammatory 
exudates,/53.15? have prompted further similar sugges- 
tions as well as a limited amount of experimental 
work with regard to the role played in the develop- 
ment of vesicant injuries by secondarily liberated in- 
jurious substances.!?7 

In résumé, it may be stated that there is available 
no evidence either for or against the participation of 
a quickly liberated histamine-like substance. With 
regard to Menkin’s substances, which are not be- 
lieved to be identical with Lewis’ histamine-like 
material, it has been demonstrated that a leucotaxine- 
like substance is present in blister fluid and in skin 
injured by vesicants (i.e, H and HN2).% 98 These 
findings have led to the conclusion that vesicant 1n- 
juries develop because the reaction of vesicants (e.g., 
H) with the skin liberates an injurious leucotaxine- 
like substance.”:98 In the reviewer’s opinion this con- 
clusion, although not necessarily entirely incorrect, 
at least lacks foundation. The presence of a leuco- 
taxine-like substance characterizes all types of cu- 
taneous injury, and in vesicant injuries leucotaxine 
has been looked for and found only after extensive 
injury has already developed. That its presence or 
that of “necrosin’’ may influence the further course 
of injury development and healing cannot be denied. 
That it is the agent which directly underlies the in- 
itial development of pathological changes, however, 
may be questioned in the absence of any supporting 
evidence, particularly as the vesicants are known to 
react rapidly with many chemical groups of types 
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which are of vital importance in cells (see Chapter 
19), and as the first evidences of injury (e.g., in- 
creased capillary permeability) develop within a 
matter of minutes after application of the vesicant 
to the skin. However, it has been shown that a 
proteinase which is quickly liberated from skin 
treated with H can act upon skin in vitro to produce 
leucotaxine 99.4339 (see Section 23.4.2). 


23.2.6 Results of Skin-Grafting 


Experiments 


A suggestion that the death of the epidermis fol- 
lowing exposure of the skin to H may be secondary 
to dermal injury, rather than due to primary injury 
of the epithelial cells by H, led to the performance of 
the following experiments." Two of four sites on each 
of several shaved areas of skin in young pigs were 
exposed to liquid H for 20 minutes and then decon- 
taminated. Fifteen minutes later the following opera- 
tion was performed, using aseptic surgical technique. 
One exposed site was left undisturbed as a control. 
The full thickness of the epidermis from the other 
exposed site and from the two unexposed sites was 
removed with a sharp knife. These grafts were then re- 
placed in such a way as to give sites with unexposed 
epidermis on unexposed dermis, unexposed epidermis 
on exposed dermis, and exposed epidermis on unex- 
posed dermis. The area of skin containing the four 
sites was then isolated as an island by curved inci- 
sions and covered with a nonirritating membrane to 
keep the grafts in place and protect the surface. The 
edges of the skin adjacent to the island were then 
undercut and brought together over it. This method 
of burying an island of skin was a modification of 
Harvey’s technique.*! 

At least some of the transplanted epithelial cells 
survived in all but one of the cases in which an un- 
exposed graft was placed on unexposed corium. Some 
epithelial cells also survived at least for a time in 
instances where an unexposed graft was placed on 
exposed corium, and the lamella of grafted corium 
was also readily capable of survival. On the other 
hand, the epithelium underwent complete necrosis in 
all instances where an exposed graft was placed on 
unexposed corium. It was also noted that pathological 
changes in the dermal tissues of the buried, un- 
grafted, exposed sites were considerably more severe 
than in the case of similar unburied control sites. 

The experiments led to the following conclusions: 
(1) Epidermis exposed to liquid H is killed directly; 
its death is not secondary to any effect that H pro- 
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duces in the dermis. (2) A considerable part of the 
damage sustained by the dermis after exposure of 
intact skin to H may be due to the destruction of its 
protective epithelium. In the buried skin experi- 
ments, a new protective layer was in effect substi- 
tuted for the damaged epidermis and the major 
dermal changes usually ascribed to primary injury 
by H were minimized. 


23.2.7 Possible Effects of Vesicants on 
Intercellular Substance 


British investigators !°°> have shown that perfusion 
of the circulation of frogs with Ringer solution con- 
taining both H and a colloid (to maintain osmotic 
pressure) leads after a time to the formation of edema 
and cutaneous vesicles. Perfusion with Ringer solu- 
tion itself leads to the formation of greater edema 
but no blisters develop. On the basis of these obser- 
vations it has been concluded !° that increased 
capillary permeability leading to development of 
edema is not sufficient to produce vesication, but 
that in addition H must produce a decrease in the 
resistance to the elevation of a blister by altering the 
properties of intercellular fibers and/or cement. 

Extensive experiments which may bear on this 
concept have been performed on the isolated beet 
eye.%7>.<.d.e.f Exposures to H vapor at dosages suf- 
ficient to produce severe clinical injury in living 
animals result in a marked loss in the adhesiveness of 
the epithelium. The loosening of the epithelium, as 
tested by its resistance to mechanical scraping, does 
not occur immediately, but only after an incubation 
period of several hours. It does not develop if the 
H vapor dosage is very great (1.e., exposure to satu- 
rated vapor for 1 hour at 22 C). Experiments with a 
variety of poisons and other substances have led to 
the conclusion that the loosening is not based on a 
change in the properties of material similar to the 
intercellular substance of the capillary wall, but that 
the loosening may involve a change in the properties 
of the cell surface itself. 


23.2.8 Résumé 


The pathological findings summarized above lead 
to the concept that H and other vesicants exert a 
rapid and probably direct injurious action upon both 
the cells of the epidermis and the blood vessels, and 
presumably also upon the other cellular elements of 
the dermis. In part, at least, the delay in the produc- 
tion of gross damage is to be related to a delay in the 
manifestation of injury rather than to a delay in the 
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initial production of injury. As the lesion develops, 
however, injury to some parts of the skin may be 
accentuated as a result of the pathological changes, 
perhaps involving the liberation of secondary toxins, 
in other parts of the skin. The properties of a some- 
what mysterious intercellular substance may also be 
involved in the mechanism of blister formation. 

Data on the distribution and properties of the H 
that is fixed in the skin after an exposure strongly 
support the concepts that direct injury is sustained 
by the elements of both the epidermis and the dermis, 
and that the initial reactions which eventually cul- 
minate in gross damage are rapid. These data will 
be summarized after information relating to the rate 
of penetration of the skin by vesicants has been 
reviewed. 


PENETRATION OF SKIN BY 
VESICANTS AND LOCAL FATE OF 
PENETRATED VESICANTS 


29.9 


When a drop of liquid vesicant is placed on the skin 
and is left uncovered, it simultaneously spreads to 
some extent, evaporates, and penetrates.° Only the 
fraction that penetrates can be of significance for 
injury production. Of this fraction some reacts with 
and becomes 'ífixed" by nondiffusing constituents 
(both living and dead) of the skin. The remainder 
of the penetrating fraction passes through the skin 
and is carried away by body fluids. Presumably that 
which is carried away is partly in the form of un- 
reacted vesicant, partly in the form of hydrolytic 
products of the vesicant, and possibly partly in the 
form of vesicant that has reacted with diffusable 
molecules other than water. Certainly part of it 1s in 
a form that is toxic for some of the other tissues of 
the body (see Chapter 22). 

It is very likely that cutaneous injury develops as 
a consequence of the fixation of the vesicant in the 
skin. Strong evidence for this concept in the case of 
Lewisite (L) is provided by the fact that the severity 
of cutaneous injury parallels the amount of arsenic 
fixed in the skin and that injury may be greatly re- 
duced if, after L has become fixed in the skin, it is 
removed from its association with tissue constituents 
by the action of dithiol compounds (e.g., 2,3-dimer- 
captopropanol, BAL).!4 In the case of H there is a 
great deal of evidence, to be described below, that 
shows a correlation between severity of injury and 


c A convenient annotated bibliography on the penetration 
of substances (not only vesicants) was prepared in 19438.” 


amount of fixed H. Furthermore, all the data on the 
properties of fixed H and on the reactions of H with 
biologically important chemical groups (Chapters 
19 and 21) are in accord with the concept that injury 
is a consequence of the fixation. It has not, however, 
been possible to remove fixed H from the skin by 
means compatible with cell life and so to determine 
the effect of its removal on the severity of the en- 
suing injury. It is highly probable that the difficultly 
reversible reaction of H with nondiffusible components 
vital to the life of cells in the skin underlies the skin- 
injurant action, but it should be recognized that no 
positive proof is available to show that other actions 
of the H passing through skin are not responsible for 
the development of injury. 

The difficulty, at present the impossibility, of re- 
moving fixed H from the skin by means compatible 
with cell life is one of the most important generaliza- 
tions emerging during World War II from studies on 
the mechanism of vesicant action. A second generali- 
zation of great importance is that, even after massive 
contamination with liquid H, human skin contains 
no appreciable amount (reservoir) of unreacted H not 
readily removable by surface decontamination (1.e., by 
treatment with H solvents such as petroleum ether). 
It is a corollary, supported also by direct evidence, 
that the reactions resulting in the fixation of H by 
skin constituents occur, practically speaking, almost 
concomitantly with exposure. Data bearing upon 
these two generalizations will be presented in this 
section in the course of a systematic summary of in- 
formation bearing on the penetration of skin by 
vesicants and on the local fate of the penetrated 
molecules. Studies on the eye also show that only low 
concentrations are attained in the cornea on ex- 
posure to H and that at the termination of exposure 
the free H within the tissue rapidly disappears.°”” 


23.3.1 Penetration of Skin 


GENERAL OBSERVATIONS 


Calculations indicate that only a small fraction 
of the molecules of a vesicant vapor which strike 
the skin are retained by it and penetrate; the great 
majority are reflected back into the gas phase over- 
lying the skin.?» 

The effects of a liquid vesicant applied uncovered 
to the skin are determined not only by the intrinsic 
injury-producing potency of the molecules that 
penetrate the skin but also by the volatility of the 
vesicant, which determines the amount which evapo- 
rates. Volatility would not be of importance if the 
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ratio of evaporation rate to penetration rate were the 
same for vesicants of different volatility. That this 
ratio differs with different vesicants, however, is re- 
vealed by the finding that the relative potencies of 
some compounds of widely differing volatility are 
different when evaporation is prevented (absolute 
vesicancy) than when the liquid drops are applied 
uncovered to the skin (empirical vesicancy ).??.35m.103, 
1182 (See Table 16.) 

When large doses (ie., several mg) of H or the 
nitrogen mustards are placed on the skin of man or 
animals, it is possible to demonstrate that some of 
the free agent persists on the skin for as long as 
several hours ?94.,h.74e,f,g,h,113e,£,12b and that in the 
case of H by far the greater proportion of the total 
dose slowly evaporates.?54.5.433 When small doses are 
placed on the skin, the contemporaneous processes of 
evaporation and penetration are completed more 
rapidly.7-> The available quantitative data for 
human skin are summarized in Table 2. These data 


TABLE 2. Evaporation of small doses of liquid H and 
HN3 from human skin.77:> 


Small doses (ca. 23 wg) of the vesicants were applied to 
the forearm by means of the Benesh micropipet and the 
amount evaporating determined by collection and analy- 
Sis with suitable equipment. 


Time for evapo- 
ration (min) 


Total amount 
evaporating* 


Airflow Virtu- 
velocity No. of ally 
Agent (mph) runs Percent Avg. dev. 50% complete 
H 0.07 12 79 12 1.5 4 
0.4 11 83 11 1+ 2.5 
HN3 0.4 14 84 10 11 ca.30 


* By difference one may obtain the per cent retained and taken up by 
the skin. 


for H and HN3 fail to reveal that, under comparable 
conditions, significantly different percentages of the 
two agents evaporated, but the results of tests on 
mice 7b indicated that 50-55 per cent of the ap- 
plied HN3 and about 70 per cent of the applied H 
evaporated under comparable conditions of flow rate 
and (presumably) temperature. The human data do 
suggest, however, that a greater fraction of the ap- 
plied H evaporated at the higher of the two rates of 
airflow. It may confidently be expected that greater 
changes of airflow velocity would result in more 
pronounced variations in per cent evaporation.’ 


CHANNELS OF ENTRY 


From time to time it has been suggested that H 
and the nitrogen mustards, because of their relative 
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lack of solubility in water, must enter the skin 
through oily channels such as might be supplied by 
the secretion of the sebaceous glands in and around 
hair follicles. The bulk of the available evidence, 
however, indicates that all parts of the skin surface 
are penetrated by H and other vesicants: 

1. H readily penetrates the continuous keratinous 
sheaths of feather rudiments. It also penetrates 
and produces vesication of areas of regenerating 
animal epidermis which contain no glands or hair 
follicles (see Section 23.2.2). 

2. Radio-autographs reveal that, after exposures 
to radioactive H, the agent is fixed throughout the 
entire epidermis, not only in and about glands or 
hair follicles.$ 

3. The use of oil-soluble dyes 9^ and of very sensi- 
tive histochemical tests for free H 55.5.1099 3]s9 dem- 
onstrate that oil-soluble molecules including H itself 
can, after cutaneous application, be found to have 
penetrated throughout all parts of the epidermis. 

4. Additional suggestive evidence comes from the 
findings that the rubbing of lanolin into the skin (to 
simulate the presence of fatty sebaceous secretion) 
does not have much effect in altering the suscepti- 
bility of the skin to injury by H vapor.*! On the other 
hand, the wetting of the skin with water or with 
artificial sweat, which alters the physical state of the 
entire cornified layer, markedly increases the suscep- 
tibility to injury by H and the nitrogen mustards.?^.5! 

It may be noted, however, that none of the data 
suffice to determine whether the entire surface of the 
skin is quantitatively uniform with respect to penetra- 
bility by vesicants. That the region of the hair follicles 
(into which the sebaceous glands open) may take up 
more vesicant during a given exposure than the in- 
tervening areas of epidermis, or that the former re- 
gions may be intrinsically more susceptible to injury, 
is suggested by the occasional development of follicu- 
lar erythema in the absence of a visible reaction in 
the intervening areas of the skin. 


PENETRATION RATES 


A number of studies have been made of the rates 
at which vesicants are taken up by the skin. In the 
case of H they may be conveniently but roughly 
summarized by the statement that the rate of pene- 
tration of human skin by the liquid or saturated 
vapor at room temperatures (i.e., 70 F) is of the 
order of magnitude of 1—4 ug/cm?/min. Under these 
conditions exposures of only a few minutes' duration 
suffice to produce injuries of vesicating severity. 


PENETRATION AND FIXATION 


Thus, the amount of H which must be taken up by 
the skin in order to produce vesication is extremely 
small (ie., of the order of magnitude of 10-15 
ug/cm?). 

Before reviewing the data in greater detail it 
should be emphasized that in each specific case care 
must be taken to define what is meant by “‘penetra- 
tion” of the skin. 

The first quantitative study of cutaneous penetra- 
tion was made by an NDRC Division 9 group at 
Harvard with applications of liquid H containing 
radioactive sulfur (S*).!?-3 The sensitivity of the 
method limited quantitative determinations to rela- 
tively long exposures (1.e., 1 hour or more). However, 
the amount of S% fixed in the skin could accurately 
be determined for much shorter exposures. Thus, 
from the latter data an estimate can be made of the 
penetration rate for the short times if it be assumed 
that the percentage of penetrating H that becomes 
fixed is the same as at longer exposure times. 

In the definitive studies, liquid H in shallow, 
closed cups was applied for 1 hour to the abdominal 
skin of men, pigs, and rabbits. In each case the 
amount penetrating during this period was defined 
as the difference between the amount of H in the cup 
at the beginning of the exposure and the sum of the 
amount remaining in the cup and the amount re- 
moved from the skin by swabbing three times with 
cotton soaked in petroleum ether at the end of the 
exposure. 


TABLE 3. Summary of data on penetration and local fate 
of liquid H applied to abdominal skin of different species 
for 1 hour.? 


Environ- Post- H penetrat- 
mental application ing per Per cent of 
temp period cm? in penetrated H 
Species (F) (hr) 1 hour (ug) Fixed Extractable 
Man 60 0 130 12 LE 
24 0 
Pig 60 0 40 21 35 
24 D 
Rabbit 60 0 360 8 16 
24 0 
Man 102 0 330 12 L 
24 0 
Pig 103 0 250 24 14 
24 0 
Rabbit 100 0 850 10 8 
24 0 


From the data, some of which are presented in 
Tables 3 and 4, the following conclusions may be 
drawn: 
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TaBLE 4. Penetration of human abdominal skin by liquid 
H as a function of temperature.” 

The application was in shallow cups 0.43 cm? in area 
containing ca. 1.1 mg/cm? of liquid H. 


Environmental Skin Amount of H penetrating 
temperature temperature per em? in 1 hour 
(F) CESSIT) (ug +35) = (ug, avg.) 
102 99 300 350 
410 
102 97 250 280 
310 
100 98.5 320 320 
320 
75 95 245 270 
290 
72 93 230 220 
220 
60 90.5 70 110 
140 
52 83.5 95 110 
130 
49 84.5 70 70 
70 


1. The average penetration rate during the 1-hour 
exposure was dependent upon the species and upon 
the environmental and/or skin temperature. The 
effect of temperature was more pronounced in the 
case of the pig than for man or the rabbit. 

2. At a room temperature of 60 F, the average 
rates for man, the pig, and the rabbit were 1530, 40, 
and 360 ug/cm?/hour, respectively. 

3. At approximately 100 F the corresponding 
rates were 330, 250, and 850 yug/cm?/hour, re- 
spectively. 

Similar but much less complete data indicate that 
the penetration rate of liquid H into pig skin remains 
relatively constant for exposures of up to 6 hours' 
duration, and that the rate of penetration of H from 
its saturated vapor is in the order of 0.5-1.0 times as 
rapid as that of the liquid at the same temperature.’:” 

In Canadian experiments on the penetration of 
rat skin by radioactive liquid H !?^ the skin was not 
swabbed with an H solvent at the end of the ex- 
posures. Instead the skin was blotted three times 
with absorbent paper. The data obtained under these 
conditions indicated that the rate of penetration was 
initially very rapid and subsequently fell off so that 
the average value was 3,100 ug/cm?/hour for the first 
hour and 2,200 ug/cm?/hour for the first 2 hours. The 
reviewer considers it probable that upon exposure to 
liquid H the superficial layers of the skin quickly 
take up an amount of loosely held H that is removed 
by swabbing with H solvents but not completely 
removed by blotting with absorbent paper. 
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The most thorough study of the rate of penetration 
of human skin by the vapors of vesicants has been 
made by applying the saturated vapors of several 
agents to skin of the forearm.” A very precise and 
delicate technique has been worked out and cali- 
brated in detail.” It is based on determination of the 
amount of vesicant lost from a “penetration cup” 
during a period of application to the skin. Thus, the 
amount penetrating the skin is defined as that taken 
up by the skin (i.e., lost from the cup). Possible losses 
by evaporation from the skin after the cup is re- 
moved have not been experimentally investigated. 
The technique, believed to be accurate to 1 per cent, 
has not as yet been fully exploited and should prove 
to be useful in further vesicant studies, as well as in 
investigations on less specialized aspects of skin 
physiology. As originally devised and as used to date, 
the technique made possible determinations of the 
penetration rates only of saturated vapors. It has 
since been modified to permit studies with lower 
concentrations of vapor.?! 

The principal findings (Table 5) may be sum- 
marized as follows: 

1. H, HNI, and HN3 penetrate the skin at the 
rates given in Table 5. In each case the curve re- 
lating exposure time to amount of vapor taken up 
by the skin from the cup was linear and passed 
through the origin. The penetration rates of H. and 
HNI for negro subjects did not differ significantly 
from those for whites, even though the negroes de- 
veloped notably less severe injuries after exposures 
of a given duration. 

2. In the case of benzyl 6-chloroethyl sulfide a 
linear relation between exposure time and the amount 
lost from the cup was also observed but the plot did 


not pass through the origin. It was suggested that 
this might be caused by a retention on the skin 
surface of an appreciable quantity of the agent as a 
result of rapid physical adsorption or chemical com- 
bination. 

3. The results with the relatively volatile ethyl 
B-chloroethyl sulfide showed great variation and no 
satisfactory value for a penetration rate was ob- 
tained. It was suggested that the skin may absorb 
an appreciable quantity of this agent, some of which 
is lost by evaporation upon removal of the penetra- 
tion cup. Another complicating factor is the fact 
that, immediately after a 10-minute exposure, the 
subjects exhibited an erythema at the exposure site. 
With the other agents there was no immediately 
visible reaction. 

4. The approximate V;js, ie., the amounts of 
vesicant which must penetrate the skin in order to 
produce vesication in 50 per cent of the cases, are 
given in Table 5. Given also are the approximate 
corresponding vapor dosages calculated on the as- 
sumption that the temperature of the cup was that 
of the room. 

In assessing these data it should be borne in mind 
that the penetration rates as defined were determined 
with high precision, although it was not determined 
whether any of the vapor taken up by the skin was 
lost as a result of post-exposure evaporation. On the 
other hand the V5 ’s and the median blistering 
dosages were determined only approximately. The 
principal conclusions that may be drawn are: 

1. The relation between exposure time and the 
amount of H, HN1, and HN3 taken up by the skin 
of the forearm was remarkably linear. The penetra- 
tion rate for H at 70-73 F was 1.4 ug/cm?/min as 


TABLE 5. Penetration of human forearm skin by saturated vesicant vapors.?9 


Room Relative Number Penetration rate Corresponding Penetra- 
temp humidity of Volatility* and std. dev. Vsot | vapordosage* tion 

Agent (F) (percent) experiments (mg/l) (ug / cm? /min) (ug) (mg min/m*) efficiencyt 
H 70-73 44—46 60 0.74 1.4 + 0.06 6 3,500 1.0 
87 48—49 49 1.46 2.7 t 0:11 5 2,900 1.0 
HNI 71-72 50-52 46 1.8 2.8 + 0.07 28 18,000 0.8 
86-87 47—49 56 3.3 5.1 + 0.15 26 16,500 0.8 
HN3 72-73 45-48 35 0.10 0.18 + 0.01 6.5 3,700 1.0 
86 47—48 36 0.18 0.29 + 0.015 4 2,700 0.8 

Benzyl 8-chloro- 

ethyl sulfide 72 55-60 24 ca. 0.14 0.35 d > 34 >8,400 ea. 0.5 


* Calculated on the assumption that the temperature of the penetration cup was that of the room. 
t Vso is defined as the amount (ug /cm?) of a vesicant which must penetrate the skin in order to produce vesication at approximately 50 per cent of the 


exposed sites. 


t Penetration efficiency is defined as: 


Rate of penetration of agent 
Rate of penetration of H at 70 F 





i Volatility of agent 
Volatility of H 
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determined for exposure times of 3-30 minutes. This 
figure is to be compared with that of 3-4 ug/ecm?/min 
for the entry of liquid H into human abdominal skin 
at the same temperature and under the conditions 
described above. 

2. The penetration efficiencies of the three com- 
pounds at both temperatures were approximately the 
same. In contrast, on a dosage (Ct) basis the vapors 
of H and HN3 are much more potent than the vapor 
of HN1. The findings indicate that the differences in 
potency of these agents (and of benzyl 8-chloroethyl 
sulfide) are to be related more to differences in the 
injury-producing effectiveness of the molecules that 
have been taken up by the skin than to differences in 
the ability of the agents to penetrate the skin. 

3. Under the conditions of the experiments it 
would not appear that the skin of the human forearm 
is markedly more sensitive to the vesicants studied 
at 87-88 F than it 1s at 70—72 F. At the same time 1t 
is a well-established fact that hot, moist skin is 
definitely more susceptible to injury by given vapor 
dosages than is relatively cool, dry skin (see Section 
23.7.2). As an explanation of the findings with the 
penetration cups it may first be noted that the pre- 
cision with which the V;,’s were determined does not 
exclude the possibility that the skin was definitely 
more sensitive at the higher temperature. In fact, the 
data taken at face value indicate that it was some- 
what more sensitive. Secondly, the higher room tem- 
perature utilized was about at, and not definitely 
above, the sweat point. The skin’s heightened sensi- 
tivity becomes most prominent when it is actively 
sweating and definitely moist. Thirdly, the tempera- 
ture and degree of humidification of the areas of skin 
covered by the penetration cups were probably not 
so different at the two room temperatures as would 
have been in the case for areas of bare skin not 
covered by the cups. 

The experiments cited above indicate that satu- 
rated H vapor “penetrates” human skin nearly as 
rapidly as liquid H. This finding is corroborated at 
the University of Chicago Toxicity Laboratory by 
preliminary unpublished experiments in which an in- 
direct measure of penetration, namely severity of re- 
sulting injury, was utilized. In the case of HN3, on 
the other hand, it was found that an exposure to es- 
sentially saturated vapor must be about 10 times as 
long as that to liquid agent (removed with a solvent 
at the end of the exposure) if a similar degree of in- 
jury is to result." 

With the exception of some Canadian data,'?^ all 


penetration measurements have been made on areas 
exposed either to liquid vesicant or to essentially 
saturated vapor and covered with a glass cup. No 
direct measurements have been made either under 
conditions in which the relative humidity in the cup 
was maintained at a low value, or under conditions 
in which the skin was frankly wet. One possible in- 
terpretation of the finding that wetted human skin 1s 
markedly more susceptible than relatively drv skin 
to injury by the saturated vapors of H and nitrogen 
mustards °° is that the vesicant vapors penetrate the 
wetted skin more rapidly. 


23.3.2 Local Fate of Penetrated H and 
Free H within Skin 


The most complete study on the local fate of 
penetrated H and other vesicants, and on the possible 
existence of a "reservoir" of free H within the skin, 
was made by an NDRC Division 9 group at Har- 
vard.!32:$ "his work will now be reviewed, and other 
findings, some of which antedated the Harvard 
studies, will be treated together in the following 
subsection. 


DATA OBTAINED AT HARVARD £!!! 


Utilizing H containing radioactive sulfur (55) 
having a half-life of 87 days, a study has been made 
in man, the pig, and the rabbit of the amount of H 
penetrating the skin (as described before), of the 
amounts of H fixed by and extractable from the ex- 
posed skin, and (by difference) of the fraction of 
penetrated H that is transported through the skin 
and carried away by body fluids to other parts of the 
body. The techniques have been described in detail.” 
With respect to the validity of the methods it will 
suffice to mention here that no evidence is available 
to indicate that any biological system can differen- 
tiate between isotopes. Thus, so far as the skin 1s 
observed, radioactive S* until its disintegration is 
believed to be indistinguishable from naturally occur- 
ring isotopes of sulfur. In the most radioactive sample 
of H utilized, only 1 in 108 molecules was potentially 
radioactive. | 

The procedure for determining the amount of H 
penetrating the skin was outlined in the preceding 
section and the essential findings were reviewed. The 
amount of H (and reaction products thereof) ex- 
tractable from the skin at any time was determined 
as follows. After swabbing three times with cotton 
soaked in petroleum ether, the skin was frozen, 
excised, finely ground, and extracted with chloro- 
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form. Subsequent manipulations of the chloroform 
layer served to fractionate the extractable material 
into H itself, thiodiglycol, and other H derivatives. 
The amount of H fixed in the skin was defined as the 
amount present that was not extractable by either 
cold isotonic salt solution or hot or cold chloroform, 
acetone, or alcohol. All measurements of penetrated, 
fixed, and extractable H were based on the measure- 
ment of beta particle emission due to the disintegra- 
tion of S? originally incorporated into the H. How- 
ever, the data are always expressed in terms of the 
equivalent amount of mustard gas (1.e., in H equiva- 
lents). 

Results of 1-Hour Exposures to Liquid H. A sum- 
mary of the results for the three species is given in 
Table 3 and more detailed data for man are presented 
in Tables 4 and 6. Findings relating to penetration 
have already been discussed. The following con- 
clusions may be drawn with respect to the fate of 
the penetrated H. 

1. At the termination of the 1-hour exposure, the 
skin of both the pig and rabbit contained an ap- 
preciable reservoir of extractable S*. In the pig about 
50 per cent of the chloroform extractable fraction 
was H itself, about 25 per cent thiodiglycol, and 
about 25 per cent unidentified substances. Neither 
the pig nor the rabbit had detectable extractable H 
derivatives 24 hours after exposure. 

2. In marked contrast, the reservoir of extractables 
in human skin at the end of exposure was negligible. 

3. The fraction of penetrated H fixed at the end of 
the exposure was 25 +5 per cent in the pig, about 
10 per cent in the rabbit, and about 12 per cent in 
man. The rest of the penetrated H (1.e., 88 per cent 
in man) must have been carried away by body fluids 
before or after reaction with water of other diffusable 
skin components. These values were little affected 
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by environmental temperature of 50-100 F and were 
essentially unchanged 24 hours after exposure. (The 
effect of extreme cooling and the fixation of H during * 
the period following short exposures is discussed later 
in this section.) In the pig the fraction of penetrated 
H ‘which becomes fixed was remarkably constant 
over a range of penetrated H values from 40 ug to 
2.2 mg/cm?. 

Thus, it appears that in the case of man, in con- 
trast with the pig and rabbit, H is either fixed or 
transported almost as rapidly as it penetrates, and 
that the reservoir of free H present in the skin at the 
end of a 1-hour exposure is very small. 

Fixation and. Transport of H Following 10-Minute 
Exposures. Experiments were performed in which the 
exposure time was relatively short and in which the 
amounts of fixed and extractable H (or derivatives 
thereof) were followed during the post-exposure 
period. The results are summarized in Table 7. 

The most important result was that with man, all 
the H that was to become fixed had done so within 
about 2 minutes after the end of the exposure period. 
At this time the amount of extractable 5% was of the 
same order as the amount that had become fixed. 
Even if all this extractable material were H and 12 
per cent of it subsequently became fixed, the in- 
crease in total amount fixed would be negligible. 
Thus, all therapeutic procedures based on neutralization 
of free penetrated H must necessarily be valueless, for 
the reason that there is no significant amount of locally 
free H within the skin at any time. It has been demon- 
strated that this conclusion holds even when the con- 
tamination with liquid H is massive. 

The situation in the case of the pig and rabbit is 
different. In the case of the 10-minute exposures, 
only about one-half of the total amount of H to be 
fixed has done so during the exposure period. The 


TABLE 6. Fate and distribution of penetrated H in human skin — 1-hour exposures.” 


Skin Post-application H penetrating H fixed per cm? H extractable per cm? 
temperature period per em? in 1 hour % of amount % of amount 
(E, 4-1) (hr) (ug) (ug) penetrating (ug)* penetrating 
99.0 0 330 42 13 0.0 0 
98.5 0 385 37 10 9.7 l 
97.0 24 280 26 9 0.0 0 
93.0 0 210 it 3? 0.0 0 
95.0 24 270 33 12 0.0 0 
90.5 0 130 18 13.5 1.9 1.5 
83.5 0 105 15 14.5 0.0 0 
84.5 24 70 9.5 13.5 0.0 0 
average a La fü I2- t3 n: 
24 E 0 


* 1.5 ug extracted H might not have been detected, but 2.5 certainly would have been. 


Bs zd 





PENETRATION AND FIXATION 


TABLE 7. Amounts of fixed and extractable H as 5% in 
skin at various intervals after 10-minute exposures to 
radioactive H.” 


Ratio of amount of S*® 
fixed after stated 


Ratio of post-application pe- 

Post- amount of S9 riod to amount fixed 

application extractable after 24-hour post- 

Species period toamountfixed application period 

Man 2.0 min 0.9 1.1 
2.5 min ISI 1.0 
3.0 min 1.0 1.0 
3.5 min 1.0 1.0 
10 min 0.4 1.0 
24 hr 0.0 1.0 
Pig 0 min 9.3 0.4 
10 min 1.8 0.9 
20 min IST rne 
60 min 0.6 1.0 
120 min 0.3 1.0 
24 hr 0.0 1.0 
Rabbit 0 min 8.8 0.5 
10 min 0.4 0.9 
20 min 0.1 1.0 
40 min 0.1 1.0 
24 hr 0.05 1.0 


remaining 50 per cent becomes fixed during the first 
10-20 minutes of the post-exposure period, the ma- 
terial being drawn from the very considerable local 
reservoir of H present within the skin at the termina- 
tion of the exposure. 

It may be noted that some extractable 5% remains 
in the skin for some time (minutes with man and 
hours with the pig and rabbit). Perhaps little of this 
represents unreacted H. In any event the fraction 
of it that becomes fixed does not contribute a de- 
tectable increment to the quantity of H that has 
already become fixed during and very shortly after 
the exposure. 

Results of Ice-Pack Experiments. Confirmatory evi- 
dence that there is no significant reservoir of un- 
reacted H in human skin at the end of a short ex- 
posure, but that there is a significant reservoir in pig 
skin, 1s supplied by experiments in which an ice pack 
was applied immediately following surface decon- 
tamination with petroleum ether at the end of 
10-minute exposures to liquid H. In man (Table 8) 
the ice-pack treatment did not significantly affect 
either the amount of fixed H as determined 24 hours 
after exposure or the severity of the lesion that de- 
veloped. In the pig (Table 9), on the other hand, the 
ice-pack treatment resulted in the fixation of con- 
siderably less H than would otherwise have been the 
case, and in the partial or complete inhibition of 
visible injury development. The interpretation is 
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TABLES. Effect of ice-pack treatment immediately after 
exposure and surface decontamination of human skin 
treated with liquid H.” 

All exposures were to 1.1 mg of liquid H for 10 minutes. 
In each case the post-exposure period was 24 hours. 


Duration of 


Environmental ice-pack H fixed Classification 
temperature application per cm? of 
(F) (hr) (ug) injury* 
70 3 0.64 I 
0 0.65 I 
85 3 1.15 II 
0 JEDE II 
85 3 1.9 TE 
0 ZU II 
85 3 2.3 II 
0 2:0 II 
85 3 5.2 III 
0 5.5 III 





* I, II, and III refer to injuries of progressively increasing severity as 
described in detail in Section 23.3.3. 


that the immediate application of ice greatly de- 
creases the rate of fixation of H because of the high 
temperature coefficient for the activation of H (see 
Chapter 20), and that therefore the cutaneous reser- 


TABLE 9. Effect of ice-pack treatment immediately after 
exposure and surface decontamination of pig skin treated 
with liquid H.? 

All exposures were to 0.5 mg liquid H per em? for 10 
minutes. In each case the post-application period was 26 
hours. 





Duration of 





ice-pack H fixed Classification 
applieation per cm? of 
Pig No. (hr) (ug) injury 

1 6 0.22 0 
0.27 0 
0.39 am 

aM 0.76 T 

0.78 "ies 

0.82 ET 

1.0 rit 
2 6 0.24 0 
0.25 0 
0.34 E 
0 0.58 i 
0.62 = 

0.77 II 





voir of H in the pig did not react, but rather was 
slowly carried away by body fluids during the pro- 
longed period of ice-pack treatment; in man, ice-pack 
treatment was without demonstrable effect because 
practically all of the fixation occurred during ex- 
posure and no appreciable reservoir of H was present 
during the post-exposure ice-pack treatment. If, on 
the other hand, thorough surface decontamination is 


494 


not practiced, with the result that a reservoir of H 
exists on human skin, ice-pack treatment does reduce 
the severity of injury (Canadian experiments cited 
in reference 12). 


OTHER DATA BEARING ON LOCAL FATE oF H TAKEN 
Up By SKIN 


In this section will be presented additional miscel- 
laneous data relating to the fate of H taken up by 
the skin and to the persistence of free H within the 
skin. Some of the findings unequivocally reveal the 
existence of a small amount of free H in human skin, 
but none appear to compromise the principal con- 
clusion reached above — that in human skin there is 
never sufficient unreacted H not removable by sur- 
face decontamination to be of practical importance 
in injury production. 

An early observation !** failed to reveal any free H 
in the skin of an amputated perfused human leg that 
had been contaminated with 5-mg drops of liquid H, 
decontaminated with charcoal paste after 10 minutes, 
and immediately thereafter frozen, sectioned, and 
extracted. Another study in which radioactive liquid 
H was applied to a human breast that was amputated 
the following day failed to reveal any S* in the blister 
fluid. An investigation of the interaction of radio- 
active liquid H with excised human skin in a closed 
space demonstrated that after 24 hours about 50 per 
cent of the 5% applied as H was present in the skin 
in a form not extractable with organic solvents.!?2 

An important but indirect line of evidence, to be 
discussed further in Section 23.8.2, is that decon- 
tamination or early treatment with none of a large 
number of substances that react with and detoxify H 
is more effective in mitigating injuries due to liquid H 
than prompt, thorough surface decontamination with 
inert organic solvents. 

The use of a sensitive histochemical test ¢ that is 
presumably specific for H itself has been used to 
demonstrate the existence of free H in the skin during 
and subsequent to exposures to liquid H.55.5199 [m 
accordance with the bulk of evidence concerning 
free H in human skin, the test has revealed that H 1s 
demonstrable in human (also guinea pig) skin only 
in the epidermis and there only for limited times 
after application of the liquid agent.!°° In contrast, H 
in small quantity was demonstrable in goat and 


d Frozen sections are treated with gold chloride, which 
reacts with H to form an insoluble yellow complex. The 
latter, upon reduction with sodium hydroxide, forms a black 
precipitate, presumably metallic gold. 
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rabbit skin for as long as a day after exposure.!9? 
These results with their interesting species variation 
were confirmed by tests in which the skin of the dif- 
ferent species was, at various relatively long intervals 
after contamination, placed in contact with the hu- 
man forearm.!°° Two and four hours after contamina- 
tion of human and guinea pig skin with 6-10 mg of H 
spread over a circle 1 cm in diameter, prolonged ap- 
plication of the contaminated skin to the human fore- 
arm produced no injury. On the other hand, in simi- 
lar experiments rabbit skin contaminated 3 hours 
previously and applied to the forearm for 1 hour pro- 
duced an erythema; no visible injury was produced 
when the interval was lengthened to 1 or 4 days. 
However, goat skin contaminated 24 hours previously 
with 50 mg of liquid H produced a very faint ery- 
thema when kept in contact with a human forearm. 

No explanation is currently at hand for a surpris- 
ing and unconfirmed report that severe injury to 
rabbit skin developed as a result of contact with the 
skin of goats that had been heavily contaminated 
with H, 9 and 18 days previously.?? The bulk of the 
available evidence would make it seem improbable 
that the cause of injury to the rabbits was a persisting 
reservoir of H in the goat skin. 

In vitro experiments indicate that H may be re- 
versibly adsorbed or otherwise bound by constituents 
of plasma !°> and by wool keratein.!** 'T'he acetone- 
extracted H keratein was somewhat irritant after 
standing 4-6 weeks in a desiccator but ceased to be 
irritant after a fresh extraction with acetone. It has 
been suggested that a similar binding and slow libera- 
tion of H zn vivo may have a retarding effect on the 
rate of healing of cutaneous injuries.'** However, the 
bulk of the evidence summarized previously and in 
Section 23.2 leaves little reason to believe that such 
an effect would be of much importance. 

All of the above-mentioned data and conclusions 
are based on studies made with liquid H. In the case 
of exposures to H vapor, the current consensus is 
that any reservoir of H which may exist in human 
skin after exposure to even saturated vapor also 1s 
not sufficiently large to be of practical importance, 
and that treatment of the skin with chloramide- 
containing ointments or H solvents immediately 
after an exposure to vapor is without significant 
effect on the severity of the ensuing injury.'074,4? 

Studies carried out during World War I,'** how- 
ever, seem to afford convincing evidence that, during 
short exposures to saturated H vapor, some of the 
agent taken up by the skin is loosely held near the 
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surface and evaporates subsequent to the exposure 
during a period of at least 30 minutes. The evidence 
is of two kinds. (1) Covering the skin with glass dur- 
ing the period following exposure to saturated H 
vapor resulted in more severe burns than at similarly 
exposed sites that were left open to the air. The 
augmentation increased with increased duration of 
the period of covering up to 30—45 minutes, and could 
also be observed in the case of exposed sites that were 
not covered until 30 minutes after exposure. (2) When 
an area of skin on the arm of one volunteer was ex- 
posed to saturated H vapor and then placed in con- 
tact with the arm of a second volunteer who had not 
been directly exposed to H, the second volunteer de- 
veloped a mild burn (erythema) and the injury 
sustained by the first volunteer was less severe than 
at control sites left exposed to air after exposure. 
These findings are not believed to compromise, nor 
necessarily to be inconsistent with, the studies 
which, during World War II, have established the 
doctrine that even prompt decontamination of a 
vapor burn is without practical value. However, in 
retrospect it seems strange that the early studies 
have not been re-evaluated experimentally, and that 
the existence of a possible reservoir of free H in 
human skin after exposure to the agent as a vapor 
has not been subjected to direct experimental test by 
means of extraction tests utilizing radioactive H. 


23.3.3 Properties of Fixed H and 


Other Vesicants 
CORRELATION WITH SEVERITY OF INJURY 


In both man and the pig a good correlation exists 
between the amount of H (S*) fixed per unit area of 
skin and the severity of the resulting injury. The cor- 
relation is not affected by differences in exposure time, 
environmental temperature, and other variables. 

In the human experiments ? the lesions were as- 
sessed clinically and microscopically, and the amounts 
of fixed H determined, 24 hours after exposure. Three 
major categories of injury, described in detail in 
Section 23.2.1, were designated as follows: 

Group I Mild injury. This group was characterized 
macroscopically by erythema with or without edema 
and in some instances by miliary vesicles. Micro- 
scopically the principal changes were hyperemia and 
edema of the corium without sufficient epidermal in- 
jury to cause death of more than occasional isolated 
groups of basal cells. 

Group II Moderate injury. This group was char- 
acterized macroscopically by the formation of one or 


more readily recognizable, isolated or confluent vesi- 
cles containing clear fluid and having erythematous 
margins. Microscopically the vesicles separated the 
epithelium from the corium. The elevated epidermis 
was necrotic. 

Group III Severe injury. This group was charac- 
terized macroscopically by circumferential rather 
than central vesication, and by central necroses. The 
central area of epidermis was generally necrotic and, 
although there were focal areas of liquefaction, the 
microscopic vesicles thus formed failed to coalesce or 
to collect enough fluid to be macroscopically visible. 

In Table 10 are listed the individual lesions in as- 

TABLE 10. Relation between amount of fixed H per 


em? and severity of resulting injury to human skin.” 
The lesions are tabulated in ascending order of severity. 


Skin Environmental Exposure H fixed 
temperature temperature time per cm? 
(F) (F) (min) (ug) 
Group I 
94 85 3 0.25 
94 85 5 0.21 
95 85 5 0.49 
87 60 8 0.63 
87 60 5 Mri 
95 85 5 0.52 
Group II 
95 85 1.28 
95 85 7 1.01 
95 85 10 1.54 
95 85 10 1.1 
95 85 7 1.21 
87 60 15 2.30 
88.3 60 10 1.05 
88.3 60 12 1.20 
86.7 60 12 1.10 
86.7 60 15 1.78 
87.0 60 15 1.63 
87.5 60 15 1.80 
Group III 
97 85 20 5.56 
97 85 15 2.62 
95 85 25 3.60 
87 60 20 2.45 
87.5 60 18 3.60 
87.0 60 20 4.16 


cending order of severity within each of the three 
groups. It will be observed that there is excellent 
agreement between severity of lesion and amount 
of fixed H, not only among the three groups but also 
within each group. In rounded figures one obtains 
the following relationships. 


H fixed Severity 
per cm? of 
(ug) injury 
0.1-1.0 Group I 
1.0-2.5 Group II 
22.5 Group III 
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It will be noted that both environmental and/or 
skin temperature and individual variation markedly 
affected the amount of H fixed per unit time of 
application. Nevertheless, irrespective of these 
variations, it was possible to make quantitative pre- 
dictions of the severity of resulting injury from the 
amount of H fixed. 

Some of the data revealing a corresponding rela- 
tionship in the pig are given in Table 9. The fixation 
of 0.3-0.4 ug of H per square centimeter was corre- 
lated with minimal reversible injury in the pig. The 
corresponding figure for man was about 0.1 ug/cm?. 

Additional experiments with pigs as well as limited 
data for man revealed that when skin was exposed 
repeatedly to dosages of H, each by itself of “subin- 
jurious" size, there was a progressive local accretion 
of fixed H and injury occurred par? passu with the 
attainment of levels of fixed H comparable to those 
producing similar injury after single, larger dosages. 
Representative data for the pig are given in Table 11. 


TABLE 11. Correlation of severity of injury with amount 
of fixed H after repeated exposures of pig skin to liquid H.?? 

Liquid H was applied repeatedly to the same sites for 
5 minutes at 65 F. The severity of injury was assessed 
and the amount of fixed H determined 24 hours after the 
final application. 


No. of 
successive Duration of 

Exposure applications ice-pack Fixed H Severity 

time at 24-hr treatment per cm? of 
(min) intervals (hr) (ug) injuryi 

5 1 6 0.2* 0 

5 2 6 0.47 1 

5 3 6 0.37 0 

5 4 6 0.5 1 

5 1 0 0.3* 1 

5 2 0 0.47 2 

5 3 0 0.67 2 

5 4 0 0.757 3 

10 1 6 0.35 1 

10 1 0 0.65 2 

5 (80 F) 1 0 1.0 3 


* Average of six experiments. 
T Average of two experiments. 
t The scale of injury (macroscopic observation) was: 
O visible reaction 
1 minimal reaction 
2 intermediate reaction 
3 severe reaction 


Furthermore, irrespective of ice-pack treatment, 
the severity of injury in both man and the pig paral- 
leled the amount of fixed H (Tables 8, 9, and 11). It 
will be recalled that, in the pig, ice-pack treatment 
affected both fixation and severity of injury, whereas 
it affected neither significantly in man. 


MECHANISM OF CUTANEOUS INJURY BY MUSTARDS 


The one known experimental procedure that re- 
duces the amount of H fixed in human skin is pro- 
longed post-exposure treatment with BAL ointment, 
and concomitantly vesicating injuries can be con- 
verted to nonvesicating injuries.'* This does not im- 
ply that the cutaneous injury becomes less severe, 
but only that character of the response is altered (see 
Section 23.8.3). The effect on fixed H of the treat- 
ment with BAL cannot be evaluated, for one does 
not know whether it resulted in the solution into the 
ointment of superficial keratinized epidermis con- 
taining fixed H or whether it facilitated the dis- 
integration of substances containing fixed H in such 
a way that they could be carried away by body 
fluids. The actual splitting of the bond between H 
and tissue constituents is believed to be a very un- 
likely possibility (see Chapter 19). 

The relationship between amount of vesicant fixed 
and severity of resulting cutaneous injury has been 
demonstrated semiquantitatively under a single set 
of conditions for several sulfur mustards in addition 
to H (see Table 12).? These agents are bzs(8-chloro- 
ethylthio)ethane (Q), benzyl ó-chloroethyl sulfide 
(benzyl-H), bzs(8-chloroethyl) sulfone (H sulfone), 


TABLE 12. Correlation between amounts of several sulfur 
vesicants fixed in pig skin and severity of resulting 
cutaneous injury. 


In view of the difficulty of obtaining uniform lesions 
with undiluted Q, H sulfone, and divinyl sulfone, the 
radioactive compounds were dissolved in ethyl Cello- 
solve. In the case of H, use of this solvent is said not 
to alter the relation between amount of fixed vesicant and 
severity of injury. 


Amount of fixed vesicant (in moles X 
107?) per em? of skin to produce the 
following types of injury 


Agent Mild Moderate Severe 
Q « 1.0-1.5 1.5-2.0 2.0 
Benzyl-H « 1.0 1.0-6.0 > 6.0 
H «1.0 1.0-6.0 >6.0 
H sulfone <10 10-40 >40 
Divinyl sulfone <10 10—40 >40 


and divinyl sulfone. In each case the results of ex- 
periments with pigs reveal a correlation between 
quantity of vesicant fixed and severity of injury. On 
the basis of number of fixed vesicant molecules per 
unit area of skin, the following relationships between 
the agents prevail: 

1. Benzyl-H and H itself are approximately equally 
effective. It will be recalled, in contrast, that in terms 
of the amount of vesicant taken up by the skin, 
benzyl-H is much less effective than H. (see Section 
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23.3.1). The inference is that a smaller percentage of 
penetrating benzyl-H is fixed than is the case with H. 

2. Q is significantly more effective than H and 
benzyl-H, possibly because both of the chlorine atoms 
in the Q molecule can react with important cell 
groups more frequently than is the case with the 
smaller H molecule. 

3. H sulfone and divinyl sulfone possess only 
about one-seventh the efficacy of H. The divergence 
is not surprising inasmuch as these sulfones react by 
a different mechanism than H and possess different 
relative reactivities toward tissue groups (see Chapter 
19). The similarity of the injury-producing capacity 
of the two sulfones is in accord with the chemical 
evidence that H sulfone reacts through the intermedi- 
ate formation of divinyl sulfone (see Chapter 19). 


RATE OF DISAPPEARANCE OF FIXED H From HUMAN 
SKIN 


Fixed H disappears from the skin only very slowly.” 
It remains approximately constant in amount for 
about a week after exposure and then slowly disap- 
pears at a rate that parallels both the rate of healing 
as evidenced in microscopic sections and the rate at 
which dead epidermis is desquamated. Thus it ap- 
pears that the body cannot readily metabolize 
fixed H. 

These statements are based on experiments with 
eight volunteers, each of whom received two 10- 
minute exposures to liquid H.? One site was excised 
after a short post-application period (1 hour to 3 days) 
and the other after a relatively long post-application 
period. The ratio of the amounts of fixed H in the 
two sites gives a measure of the loss of fixed H during 
the long post-application period. Although subject to 
considerable experimental error, the results (Table 
13) suffice to establish the statements of the preced- 
ing paragraph. 


TABLE 13. Rate of disappearance of fixed H from human 
skin.?? 


Post-application Per cent of originally 


period fixed H still at 
(days) the site 
3 100 
f 100 
14 80 
21 45 
38 25 


DISTRIBUTION OF FIxED H WITHIN SKIN 


As previously stated, radio-autographs of sectioned 
animal and human skin treated Zn vivo with H reveal 


that the radioactive sulfur is fixed in all regions.’ The 
epidermal concentration is significantly higher than 
the concentration in the corium. 

Fractionation and analysis of pig skin exposed in 
vwo to liquid H likewise show that H is fixed in the 
cornified layer, in the malpighian layer, and in the 
corium.” The results of two quantitative experiments 
(Table 14) reveal that about 80 per cent of the fixed 


TABLE 14. Distribution of fixed H in the separated layers 
of pig skin.” 


ug of fixed H per cm? 


Per cent of total 
of exposed skin fixed H 

Layer of skin Expt. 1 Expt.2 Exptel Expt:2 
Total skin 2.75 5.9 100 100 
Total epidermis 2.1 4.8 76 82 
Cornified layer 1.4 9.5 51 59 
Malpighian layer 0.70 1.3 25 23 
Corium 0.65 Ll 24 18 


sulfur was present in the epidermis and only about 
20 per cent in the dermis. Of the H fixed in the 
epidermis, about 70 per cent was present in the 
cornified layer. Since this layer consists of dead tissue, 
it is difficult to see how fixation of H in it could be 
responsible for cutaneous injury. 

In the case of mild to moderately severe lesions, 
most of the injury is confined to the malpighian layer. 
In the pig, fixation in this layer of about 0.25 ug of H 
per cm? of skin surface is associated with exposures 
to H sufficient to produce blisters in man. Since the 
number of cells per em? of pig malpighian layer 1s 
about 2.5 X 105,7 103-10? molecules are fixed per 
malpighian cell. Although this figure appears large, 
it corresponds to the fixation of only about 25 micro- 
moles of H. per gram-atom of nitrogen, i.e., to the 
fixation of 1 molecule of H. per 40,000 nitrogen atoms 
in the malpighian layer. Since much but not all of 
the skin nitrogen 1s in the form of protein, and since 
typical proteins contain only a few (i.e., approxi- 
mately 4) nitrogen atoms per side-chain group 
potentially capable of reacting with H, this degree 
of injury would correspond to the reaction of H with 
no more than one protein side chain in 10,000. 

The effects of H on cell division and reproduction 
(see Chapter 21) and the microscopic observations of 
nuclear degeneration in skin exposed to H prompted 
a determination of the distribution of fixed H in the 
nuclear and extranuclear fractions of the exposed 
skin.” Analysis revealed that an appreciable fraction 
(1.e., 12.5 per cent) of the fixed H. was associated with 
constituents of the nuclei. On a nitrogen basis the 
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concentration of fixed H in the malpighian nuclei was 
only about 40 per cent of that in the entire malpigh- 
ian layer (Table 15). This difference is not believed to 
have qualitative significance. 


TABLE 15. Distribution of fixed H in the malpighian 
layer of pig skin: per cent present in the nuclei.” 


Micromoles of fixed ug of fixed H per 


H per gram-atom thymonucleic 
of nitrogen acid unit 
Skin fraction Expt. 1 Expt. 1 Expt. 2 
Total malpighian 67 3.2 11.8 
layer 
Nuclei from malpigh- 37 0.42 1.45 
ian layer 


CHEMICAL PROPERTIES OF FIXED H 


The nature of the constituents of pig skin that fix 
H, and the character of the H-tissue linkages that are 
formed, have been studied.5:?.!5 

In one experiment ?:? the skin that was used had 
been exposed 2n vivo to liquid H for 6 hours. Twenty- 
four hours later it was frozen, excised, and studied. 
The prolonged exposure was sufficient to produce a 
very severe burn. Nevertheless, the fixed H amounted 
to only 0.1 per cent of the dry weight of the skin and 
only a small fraction of the chemical groups capable 
of combining with H had done so. The principal 
findings were: 

1. The treatment with H did not markedly affect 
the solubility characteristics of the skin constituents 
as revealed by a fractionation procedure simultane- 
ously carried out with unexposed skin. 

2. The H must have reacted with many different 
skin constituents, because there was at least a small 
amount of radioactive sulfur in each of the various 
fractions that were obtained, and because only a part 
of the radioactive sulfur was split off by any one of 
the several procedures that were utilized. 

3. The fixed H was not associated to an appreci- 
able extent with lipoidal material in the skin, for only 
negligible amounts of radioactive sulfur were found 
in acetone or alcohol-ether extracts. 

4. Most of the fixed H was attached to skin pro- 
teins not soluble in 0.9 per cent sodium chloride solu- 
tion. At least three types of linkages appear to be in- 
volved. (a) Linkages (probably carboxyl) split in the 
cold at a mild alkaline reaction (pH 9) to yield 
dialyzable radioactive material (principally thio- 
diglycol). These linkages constituted 40 per cent of 
the total. (b) Linkages in addition to (a) split by 
autoclaving to yield also dialyzable radioactive ma- 
terial. These linkages constituted 20 per cent of the 
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total. (c) Linkages not split by either of the above 
treatments constituted 40 per cent of the total. The 
compounds (presumably proteins) containing this 
portion of the radioactive material were, however, 
largely brought into solution by the autoclaving 
procedure. 

The stability of fixed H in pig skin with respect to 
alkaline pH was also studied in another experiment.” 
In this case the fixed H amounted to only about 
2 ug/cm? of skin surface and thus was associated with 
only moderately severe injury. Results obtained with 
skin excised after post-application periods of 1 and of 
24 hours were not significantly different. The princi- 
pal findings were as follows: 

1. About 10 per cent of the fixed radioactive sulfur 
became soluble in 45 hours at pH 7. The percentage 
increased progressively with increasing pH and be- 
came virtually 100 per cent in 45 hours at pH 13. 

2. About 25 per cent of the alkaline-soluble fixed 
radioactive sulfur was precipitated by 80 per cent 
alcohol. The H residues involved were undoubtedly 
attached to protein. 

3. About 75 per cent of the alkaline-soluble radio- 
active sulfur was soluble in 80 per cent alcohol. Fifty 
to sixty per cent of this sulfur was in the form of 
thiodiglycol. 

4. At pH 11 the rate of solution of fixed H became 
nearly negligible atter 16 hours; at pH 9 the rate of 
solution was much slower. 

5. Given sufficient time, 70 per cent of the fixed sul- 
fur can be rendered soluble by treatment at pH values 
in the range 9-11. It appears to require a higher pH 
to render the remaining 30 per cent soluble. 

Fractionation of skin exposed to H containing 
radioactive sulfur and use of the isotope dilution 
method might permit the identification of various of 
the constituents that have fixed H. Since much of the 
fixed H is attached to proteins, hydrolysis of the 
proteins in such a manner as to retain the fixed H 
attached to amino acid residues would permit a 
determination of the nature of the linkages between 
H and protein molecules. It has been suggested that 
the digestion of H-treated skin by proteolytic en- 
zymes might achieve this end, but to date only pre- 
liminary experiments have been performed. 

(Jualitative evidence has been obtained that the 
fixation of H by skin brei in vitro occurs by a com- 
petition factor mechanism.” The fraction of the H 
that is fixed by skin constituents is less when com- 
peting substances (e.g., thiosulfate ion) are present 
than when they are absent. 
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BIOCHEMICAL CHANGES IN 
VESICANT-TREATED SKIN 


23.4 


In this section attention will be confined princi- 
pally to the metabolism of skin treated in vivo with 
vesicants, and to studies upon the activity of en- 
zymes occurring in skin. 

Most of the work on skin biochemistry in relation 
to H burns was stimulated by the enzyme theory of 
vesication (see Chapter 21). Although tentative sug- 
gestions that the action of H depends upon its re- 
actions with proteins and/or enzymes were made 
early in the inter-war period,?.!?r the enzyme theory 
of vesication received its greatest impetus shortly 
before and during the first part of World War II. 
It was set forth by Peters (1936) !! in the open 
literature and led to a vast amount of chemical and 
biochemical research in the United Kingdom and the 
United States during the war years (see Chapters 
19, 20, and 21). Its application to the arsenicals led 
to the fruitful development of the dithiol antidotes 
including 2,3-dimercaptopropanol (BAL) (see Chap- 
ters 6 and 31). No such conspicuous practical conse- 
quences for therapy have attended its application to 
the sulfur and nitrogen mustards. Although the 
theory provides a plausible interpretation for the 
skin-injurant action of H and related compounds, 
and although some but not all enzymes in the skin 
become inactivated as a sequel to the application of 
these vesicants, it remains to be determined whether 
or not injury is primarily dependent upon direct re- 
action of the agents with one or a few specific and 
highly important proteins or other molecular species 
which contain groups uniquely sensitive to H.* Al- 
ternatively, the more or less random reaction of the 
vesicant with the reactive groups of nwmerous pro- 
teins, which certainly occurs (Section 23.3.3), may 
underlie the development of the observed patho- 
logical effects. 

At the present time, and without prejudice to 
future developments, it is probably reasonable to 
draw the following conclusions. (1) There exists as 
yet no convincing evidence that the inactivation of 
any one enzyme or group of enzymes has a causal re- 
lation to the development of vesicant burns of the 
skin. It is true, however, that most of the investiga- 
tions have been confined to enzymes involved in 
carbohydrate metabolism. (2) Assuming it were 
found that one or more enzymes are uniquely sensi- 
tive to H and that their inactivation 1s causally re- 
lated to the development of injury, it 1s not now ap- 


parent how this knowledge could be utilized to effect 
improved therapy (see Chapters 19 and 21). At the 
same time 1t is obvious that possibilities for investi- 
gating the causal sequence of events between the 
penetration and rapid fixation of H as the initial 
steps and the development of gross injury as the 
final outcome are not exhausted. A promising lead 
may be found in the discovery that some enzymes are 
liberated from their fixed positions in the skin as a 
fairly early sequel to the application of H to the skin 
surface 2n vivo. ?*.113o 


23.4.1 Oxygen Consumption and Glycolysis 


In 1935 Berenblum reported !^ that cutaneous ap- 
plications of H, H sulfone, and other vesicants in- 
hibit the development of tumors (skin carcinomas) 
evoked by applications of coal tar. Berenblum et al.! 
subsequently showed that H 2n vitro causes a limited 
inhibition of the oxygen consumption of minced 
tumor tissue (Jensen rat sarcoma) and a pronounced 
inhibition of its aerobic and anaerobic glycolysis. 
These observations have historical importance be- 
cause they contributed to the development of the 
enzyme theory of vesication and led to a number of 
studies on skin metabolism. Most of the studies 
demonstrate that, subsequent to treatment of skin 
in vivo or in vitro with H or other sulfur and nitrogen 
mustards, respiration (oxygen consumption) is but 
slightly inhibited, whereas glycolysis is markedly re- 
duced. In some instances skin slices were incubated 
with the vesicants in vitro. 93.5.89 ()f greater interest 
are the observations in which vesicants were applied 
to the skin 2n vivo and measurements subsequently 
made after excising the sk1n.?9c:55,109a,d,1,1132 


AEROBIC METABOLISM 


Normal skin is an actively respiring tissue, the 
oxygen consumption of preparations excised from 
young rats being as great as 4-5 mm*/hr/mg of dry 
weight.!°% The resistance of the oxygen consumption 
to inhibition by H is revealed by the absence in one 
study of significant differences between normal skin 
and skin treated with 20 per cent H in alcohol for 1 
hour when measurements were made during the first 
and second hours after treatment.??" Other observa- 
tions,!093,13»,.4 however, indicate that a significant 
but limited inhibition of basic respiratory rate (i.e., 
no substrates added) does develop during the first 1-2 
hours after poisoning. Oxygen consumption of un- 
treated skin is said to be uninfluenced by addition of 
glucose !??^ but to be markedly increased by suc- 
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cinate.!?« The per cent inhibition produced by treat- 
ment with H was decreased in the presence of suc- 
cinate.!3a In one investigation pyruvate appeared to 
have little effect on the respiration of the normal skin 
but the per cent inhibition of respiration of H-treated 
skin was increased.!?« In a second study pyruvate 
appeared to have no effect on the oxygen consump- 
tion by normal skin.!°% The interpretation of these 
findings has been debated.!99a.f ,.113n 

The aerobic glycolysis of normal rat skin is low and 
is unaffected by pyruvate.!?» For about 1.5 hours 
after treatment with H there is no significant change 
in the rate of acid production in the presence of 
glucose. Within about 3 hours, however, a marked 
decrease has occurred, much larger than the fall in 
oxygen consumption, and the respiratory quotient 
has fallen from a normal value of 0.88 to about 
0:56, a 


ANAEROBIC GLYCOLYSIS 

The work of the Dixon group showed that under 
anaerobic conditions, normal excised rat skin and 
skin extracts in the absence of added substrate pro- 
duce lactic acid at a low rate. The glycolysis of ex- 
eised but otherwise intact skin is greatly increased in 
the presence of glucose, moderately increased by 
hexosediphosphate, very slightly increased by hexo- 
semonophosphate, and not increased by glycogen.!992 
Utilization of glucose and of the hexosephosphates as 
well can be demonstrated in cell-free extracts if pro- 
vision is made to prevent the destruction of two 
necessary coenzymes, cozymase and adenyltriphos- 
phate (ATP), by enzymes present in the extracts.!09e 
In acetone powder extracts from normal skin, the in- 
activator of cozymase is destroyed and the ATP 
inhibitor weakened so that it can be inhibited by 
fluoride. In the presence of fluoride and the necessary 
coenzymes, such extracts utilize glucose, glycogen 
(more slowly), hexosemonophosphate, and hexosedi- 
phosphate to form acids, presumably glycerophos- 
phorie and phosphoglycerie. 

After treatment with H zn wo, the residual 
glycolysis (i.e., no added substrate) of excised but 
otherwise intact skin remains unaltered but the 
glycolysis of added glucose to lactic acid becomes 
almost completely inhibited.!°%! Correspondingly, 
in acetone powder extracts of H-treated skin in the 
presence of fluoride but without added substrates, 
the slow utilization of ATP to yield difficultly hydro- 
lyzable phosphorus is unaffected, but the greater 
phosphorus transfer which occurs in the presence of 
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glucose is markedly inhibited, and in the presence of 
glycogen somewhat inhibited.!°% With added hexose- 
monophosphate there is also a large inhibition of 
phosphorus transfer, but not so great a one as when 
glucose is the substrate. With added hexosediphos- 
phate no evidence of poisoning by H is appar- 
ent. 10% 

It was stressed that the metabolic alterations just 
described are not apparent at 0.5-2.5 hours after 
application of H, but that they subsequently develop 
along a time course paralleling the development of 
gross injury to the skin.!°%.4.¢.f In addition, tests of a 
large number of vesicant and nonvesicant substances 
demonstrated the existence of a good correlation be- 
tween skin-injurant action and inhibitory effect on 
the glycolysis of glucose by rat skin.!99a.f,u7 


23.4.2 Observations and Interpretations 
in Terms of Enzymes in Skin 


The observations mentioned above were interpret- 
able on the basis that an important aspect of skin 
metabolism is, as in yeast and muscle, the break- 
down of glucose by a pathway involving phosphoryl- 
ating mechanisms, and that the initial phosphoryl- 
ation stages mediated by hexokinase and deutero- 
hexokinase are inhibited by H and other related 
vesicants. Such an important disruption of metabo- 
lism could reasonably be expected to result in cell 
pathology and death. It was further demonstrated 
by the Dixon group that yeast hexokinase in vitro is 
readily and rapidly inactivated by vesicants; 1094.g 
that hexokinase is in fact present in the skin; !°% that 
treatment of skin with H n vivo results in the in- 
hibition of this hexokinase after a latency and ac- 
cording to a time course corresponding to those for 
glycolysis inhibition and the development of gross 
injury ; !?9e.! and that zymohexase and other enzymes 
of the skin were not inhibited zn vivo by H.!99e.f 'T'hese 
observations led Dixon to develop the hexokinase 
(later phosphokinase) theory of vesication.!99s.f Ac- 
cording to this theory à primary causal step in 
vesication 1s the reaction of the vesicant with these 
enzvmes, which thereby become inactivated. 

In appraisal of this theory it may be noted that 
Dixon recognized the difficulty caused for it by the 
evidence that H in skin rapidly undergoes activation 
and reaction, and does not persist as such for many 
minutes (Section 23.3.2). Dixon himself demonstrated 
that the inhibition of glycolysis develops after the 
usual latency even if free H is destroyed by decon- 
tamination of the skin with chloramine-T, 5 minutes 
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after contamination.'?* Furthermore, important 
though not necessarily obvious pathological evidences 
of injury develop within a few minutes after ap- 
plication of H and other vesicants (Section 23.2.4). 
Thus, the available data seem to warrant the con- 
clusion that vesication cannot be a consequence of 
the direct reaction of H with hexokinase in the skin 
unless implausible and complicated subsidiary hy- 
potheses are invoked. The parallel between the time 
courses of hexokinase inhibition and fall of anaerobic 
glycolysis on the one hand and the development of 
gross evidences of serious injury remains striking, 
but it is probable that these alterations are cophe- 
nomena rather than cause and effect. In this regard 
some observations on the effects of BAL may be 
pertinent. The glycolysis inhibition produced in rat 
skin by H is reversed by BAL,*” but it is known that 
long-continued application of BAL, although pre- 
venting blister formation on H-treated human skin, 
does not prevent cell injury and death (i.e., the 
character but not the severity of the pathological 
response is altered). 

In a search for early changes in H-treated skin, to 
which the delayed hexokinase inhibition might be 
secondary, it was found that there is an early libera- 
tion and disappearance of a proteinase.!?9 Fifteen 
minutes after heavy contamination of rat skin, in 
which relatively gross pathological changes appeared 
within a few minutes, the activity of this enzyme had 
decreased by over 20 per cent, and 60 minutes after 
the contamination the decrease in activity exceeded 
40 per cent. There was evidence that much of the 
decrease in activity is not a direct inactivation of the 
enzyme as a result of reaction with the vesicant, and 
that the enzyme is, in part at least, liberated from 
its fixed position in the tissue and after a time carried 
away by the circulation. The steps which must pre- 
cede and cause the proteinase liberation are not known. 
It was suggested, however, that the liberation of the 
proteinase, however it may be caused, may precede 
and cause the local appearance of leucotaxine. In 
any event digestion of tissues and proteins by the 
proteinase în vitro does liberate leucotaxine, and 
leucotaxine is produced in the skin as a consequence 
of treatment with vesicants.°? As stated in Section 
23.2.5, the time relations for the appearance of leuco- 
taxine in vesicant-treated skin do not appear to have 
been determined, nor is evidence available as to 
whether the proteinase and/or leucotaxine can in- 
activate hexokinase. 

An important additional observation bearing on 





the liberation of enzymes in skin as a consequence of 
treatment with H has been made by NDRC in- 
vestigators.? Rat skin was excised 4 hours after treat- 
ment with H and examined for phosphohexoisomerase 
and inorganic pyrophosphatase activity. These en- 
zymes were chosen for test because in vitro the former 
is not inactivated by H while the latter is quite 
susceptible to inactivation by vesicants. The treat- 
ment with H resulted in a loss of 60-80 per cent of 
both enzymes from the superficial layers of the skin 
obtained after scraping away the edematous subcu- 
taneous layers. However, analysis of unscraped por- 
tions of skin showed no significant differences be- 
tween the isomerase and inorganic pyrophosphatase 
contents of H-treated and normal areas. These find- 
ings led to the suggestion that after treatment of the 
skin with H, these enzymes are leached from their 
usual positions in the skin and pass into the edema 
fluid of the subcutaneous layers. The edema fluid 
was in fact found to contain higher concentrations 
of both enzymes than blood serum. These observa- 
tions illustrate the difficulty of interpreting the re- 
sults of experiments with intact skin and must be 
considered in the evaluation of all the work described 
in this section. Furthermore, it has been emphasized 
that, when the zn vivo effect of a vesicant on an en- 
zyme in a given tissue has been established, this 
knowledge cannot be applied a priori to other 
tissues.?? 

In addition to the enzymes considered above, the 
possible relation of the pyruvate oxidase system to 
vesication has received consideration. The marked 
susceptibility of pyruvate oxidation in preparations 
other than skin to inhibition by sulfur and nitrogen 
mustards 1!3a.4.r.161 Jed in fact to the first serious con- 
sideration of an enzyme theory of vesication. The 
findings were that in chopped brain preparations the 
formation of pyruvate is little affected by vesicants, 
whereas oxidation of this acid is strikingly inhibited 
by H, H sulfone, divinyl sulfone, and HN3. The 
effect did not depend on inactivation of vitamin B, 
nor of glutathione. Although the bearing of the find- 
ings on the development of skin injury has been 
minimized and doubt expressed that pyruvate oxida- 
tion 1s of importance in the normal metabolism of 
skin,/?9». the objections in turn have been criti- 
cized.!9n 

The possible role of cholinesterase in skin metab- 
olism and in the action of vesicants has also been 
considered.!?" 'lhis enzyme is present in skin and 
has been found to be inactivated after cutaneous 
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applications of H, T, and methyl N-(68-chloroethyl)- 
N-nitrosocarbamate. 


23.4.3 Miscellaneous Observations 


Few studies have been made on the gross chemical 
changes that occur in vesicant-treated skin. One day 
subsequent to exposure to H vapor (Ct = 7,500 mg 
min/m?), the total phosphorus content of rat skin 
(pelt) was lower by about 20 per cent than in the 
case of fasted control rats.” A further change did 
not occur but the concentration in the pelt of the 
controls progressively decreased, to become on the 
third day essentially the same as that in the gassed 
animals. The reduction involved predominantly the 
acid-insoluble fraction of the skin phosphorus. Under 
the conditions of the experiment little change in the 
water content of the skin was produced, and it is not 
known whether the early phosphorus change de- 
pended upon a direct effect of the vesicant on the 
skin. 

Subsequent to application of H to rabbit and rat 
skin ¿n vivo, no nucleoprotein was extractable, whereas 
a large quantity could be extracted from control areas 
of untreated skin.!?P 

The sodium nitroprusside test has been applied to 
frozen sections of normal rat skin and of skin pre- 
viously treated 2n vivo with liquid H.® The color 
developed by the test in the H-treated skin was less 
intense than in the control skin, a finding interpreted 
to mean that sulfhydryl groups had disappeared as a 
sequel to applications of the vesicant. 

The Gomori test for alkaline phosphatase is almost 
negative in normal skin but strongly positive in the 
scab of heat burns. In the case of H burns the scab 
and immediately subjacent tissue is negative, but 
regenerating dermal tissue is strongly positive.'!% 

Observations on the effects of diet on the suscepti- 
bility of skin to injury by vesicants *? will be dis- 
cussed in Section 23.7.1. 


23.5 IMMUNOLOGICAL PHENOMENA AND 
IMMUNOCHEMICAL STUDIES 


Information available as of November 1944 on 
skin sensitization to vesicants has been authorita- 
tively and exhaustively reviewed.*7 

The inherent or "primary" damaging action which 
is exerted by H on the skin of previously unexposed 
men and animals presents some features in common 
with changes seen in eczematous allergic reactions.‘ 
Although it was denied by some investigators during 
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World War I that, in addition, a specific sensiti- 
zation is produced as a result of preceding ex- 
posures,!57:'6 the majority of the earlier workers 47 
and all of the more recent investigators 4% »$-47,88,89, 106, 156 
are agreed that sensitization develops in a consider- 
able proportion of individuals. At the present time 
there can be no doubt that H, like some other simple 
chemical substances (e.g., dinitrochlorobenzene) can 
act as a potent sensitizing agent in man and also in 
the guinea pig.843Þ.113i,k,126,128 Data on other species 
(e.g., the rabbit,*^!! rat,!9* and mouse 9) are in- 
complete. In man and the guinea pig the acquired 
hypersensitivity is characterized both by skin reac- 
tions to dosages to which "normal" individuals do not 
react and by more definite reactions to larger doses 
than are exhibited by normal individuals. © 


23.5.1 SENSITIZATION IN MAN 


Localized exposures to H appear in many cases to 
be followed by an increased sensitivity of the body 
surface as a whole in man as well as in the guinea pig,’ 
but it 1s possible that a greater degree of hypersen- 
sitivity develops in the neighborhood of a previously 
burned area than at more distant regions of the 
body.#¢ In experiments in which subjects were ex- 
posed to localized applications of liquid H, cutaneous 
hypersensitivity could be demonstrated within 8 
days but was more pronounced after 4 weeks. The 
acquired hypersensitivity appears to persist for long 
periods and perhaps for life.47:1% Results of animal ex- 
periments 9:26 are in accord with this view and it 
may be noted that a worker who appears to have de- 
veloped a hypersensitivity to H during World War I 
exhibited an extreme degree of sensitivity when he 
again encountered the agent during World War II. 

The reactions of hypersensitive individuals to test 
applications of H in small doses frequently are char- 
acterized by the delayed development of erythema- 
tous, papular, and vesicular lesions. This form of 
response, similar to those evoked by eczematous 
allergens such as poison ivy and certain dyes, is be- 
lieved by some authorities to be typical of hyper- 
sensitivity to H.47 The flare-up of old, healed H lesions 
after fresh contamination of another site has also 
frequently been observed.*//o? Flare-up may mani- 
fest itself as itching, as erythema and edema, or even 
in some instances as full-blown vesication. In addi- 
tion to the usual eezematous sensitizations, there 
have been reported two cases of urticarial sensitiza- 
tion. In these instances wheal formation developed 
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a short time after application of H to subjects who 
had previously been exposed to the agent.7:!5* 

In various investigations the incidence of hyper- 
sensitivity subsequent to exposure to H, as tested by 
applications of small amounts of H diluted in a drop 
of solvent, has varied between about 30 per cent and 
about 65 per cent.47 Degrees of sensitivity 1,000 times 
greater than the "normal" as determined by drop 
dilution tests develop in a few instances.55.5? [t is 
difficult, however, to estimate in how large a per- 
centage of cases the hypersensitivity becomes suf- 
ficient to bear practically on the field aspects of 
chemical warfare. It is clear, in any event, that a small 
proportion of individuals do develop such high de- 
grees of hypersensitivity ^ and a few apparently 
possess such exceptional unconditioned sensitivity," 
that it is impractical for them to work in laboratories 
or factories where H is present in such small con- 
centrations as to be without apparent effect on the 
majority of workers. 

A striking example of extreme sensitivity to H 
vapor is supplied by a recent incident at Edgewood 
Arsenal. A soldier who had previously experienced 
severe reactions from exposure to small amounts of 
chemical warfare agents and who was known to suffer 
from hay fever was accidentally exposed to a small 
amount of H vapor which drifted over the area in 
which he was quartered. Although normal subjects 
in the same area experienced no symptoms and al- 
though two other H-sensitive individuals developed 
only slight reactions, the soldier in question developed 
sufficiently severe systemic symptoms and cutaneous 
injuries, including extensive, intense edema and 
areas of vesication, as to require hospitalization. Some 
of the skin lesions required 28 days to heal. 

One instance of acquired cutaneous hypersensi- 
tivity to a nitrogen mustard (HN3) has been de- 
scribed. There is also one reported case of non- 
cutaneous sensitivity to HN1, in which slight ex- 
posure to the vesicant caused allergic conjunctivitis 
and acute asthmatoid bronchitis. The subject was 
not exceptionally sensitive to H or L. It is not known 
whether the relative absence of reports on cutaneous 
sensitization to nitrogen mustards reflects low sensi- 
tizing potency of these compounds or merely the 
fact that relatively few subjects have been exposed, 
and in particular repeatedly exposed, to these 
agents.*' 

There is good evidence that sensitization to H is 
not associated with increased susceptibility to ar- 
senical vesicants.*?:??c 


Sensitization and Desensitization 
in Guinea Pigs 


23.9.2 


Under NDRC auspices an investigation of the 
development and possible prevention or abolition of 
hypersensitivity to H was initiated very early in the 
war and led to what appear to have been the first 
experimental sensitizations of laboratory animals to 
this agent.’ The results together with those of simul- 
taneously and subsequently conducted American,*? 
British,H3i.k.5.17 and. Canadian 75:23 studies will be 
reviewed in this section. It may be noted that the 
active NDRC work in this field was discontinued 
late in 1942 because it was believed that no informa- 
tion of practical importance to the military during 
the war would result from additional short-term 
studies. Although partial desensitization and re- 
fractoriness to sensitization have been produced in 
guinea pigs, the studies have not been extended to 
human subjects, and the results, although interesting 
and provocative, do not suggest practical procedures 
for protection against H in warfare. 


INDUCTION OF HYPERSENSITIVITY 


Definite cutaneous hypersensitivity to H in guinea 
pigs has been produced quite consistently by the 
following procedures: 

1. Treatment of the skin of the back with 8 drops 
of a 0.05 or 0.10 per cent solution of H in ligroin 
about 10 times during 3 weeks.? T'wo to 3 weeks after 
the final application almost all of the animals re- 
acted to a test (application of 0.1 per cent H in 
castor oil) which in normal control animals was con- 
sistently negative. The animals reacted as vigorously 
and consistently to tests with highly purified (re- 
crystallized) H as to less pure thiodiglycol or Levin- 
stein H. The sensitizing applications of 0.05 —0.10 per 
cent H elicited considerable inflammation of the skin. 
Sensitizing application of 0.02 per cent likewise 
elicited inflammation and induced hypersensitivity, 
but 0.004 per cent H caused relatively little inflam- 
mation and practically no hypersensitivity. Six ap- 
plications of 0.5 per cent H in ligroin, which caused 
severe burns, proved less effective than the more 
numerous treatments with 0.05-0.10 per cent solu- 
tions. Animals burned severely with a single drop of 
undiluted H likewise developed hypersensitivity of 
only a low degree. Repeated exposures to dilute H 
vapor elicited slight hypersensitivity in some animals 
but not in others. 

2. Treatment with 0.15 per cent H in ligroin once 
daily for 10 days.9^ Some but not all animals pre- 
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viously given a single small dose of H also exhibited 
hypersensitivity. 

3. Intraperitoneal injection of formalin-killed 
tubercle bacilli, followed 1 day later by intraperi- 
toneal injection of 0.4 mg of H.'*: 

4. Sealding of the skin sufficient to produce edema 
without ulceration, followed 1 day later by intraperi- 
toneal injection of 0.4 mg of H.'*: 

5. Repeated applieations to the same spot on the 
skin of small doses of H diluted in benzene.!*!* This 
method produced generalized hypersensitivity over 
the body surface but the site where the sensitizing 
applications had been applied was distinctly more 
sensitive. It was considered that this procedure is the 
simplest and most effective method for sensitizing 
guinea pigs to H.!?* 

6. Daily application for 10 days to the same por- 
tion of the skin of 2 drops of 0.1 per cent H in dry 
benzene."*5 As in (1) above, a single severe burn with 
H was followed by the development of hypersensi- 
tivity, but only of a low degree. 

Taken as a whole, the observations demonstrate 
that in the guinea pig hypersensitivity is most ef- 
fectively produced by repeated applications of H in 
doses which, though relatively small, are sufficient to 
produce skin injury. One or a few larger applications 
are less effective. 


DEGREE AND TIME COURSE OF HYPERSENSITIVITY 


The degree of hypersensitivity, as tested by the 
evocation of threshold responses to dilute H solutions 
2-3 weeks after the end of a course of sensitizing 
applications, is considerable. In one investigation !** 
the erythema-producing dose for normal control 
animals was 4 ug oi H in benzene. The hypersensitive 
animals reacted to about 0.2 ug, indicating a 20-fold 
increase in sensitivity. In another investigation !” 
control animals reacted to H at a maximum dilution 
of 1/1,000 to 1/2,000 in benzene, whereas a sensitizing 
course of applications was followed in the majority of 
animals by reaction to a dilution of 1/32,000. 

The time of onset of hypersensitivity has not been 
investigated quantitatively but there is evidence that 
it is present to a significant degree within 10 days 
after the start of a sensitizing schedule.'* All in- 
vestigators °1!% 126 agree that hypersensitivity, once 
established, persists unchanged for prolonged periods. 
In one instance the reactions of animals tested 22 
months after sensitization were not significantly less 
pronounced than the reactions of the same animals 
2—3 weeks after sensitization. ® 


SPECIFICITY OF SENSITIZATION 


Several guinea pigs markedly hypersensitive to H 
failed to react either to bzs(8-chloroethyl) ether or to 
thiodiglycol applied to the shaved skin.? 

In another investigation animals hypersensitive to 
H proved to be hypersensitive to propyl 6-chloro- 
ethyl sulfide, N-heptyl 8-chloroethyl sulfide, and to 
B-ethoxy chloroethyl sulfide (sic), but not to phenyl 
8-chloroethyl sulfide, H sulfone, or HN2.'8*:117 


RELATIVE SUSCEPTIBILITY OF HYPERSENSITIVE AND 
NORMAL GUINEA PIGS TO SEVERE [INJURY BY H 


It is important to know whether large (“casualty- 
producing") applications of H produce more severe 
or more prolonged injury in hypersensitive than in 
normal animals. The limited available data indicate 
that the differences are not great. The onset of 
marked injury appears to be somewhat more rapid in 
the sensitized animals and can be evoked by slightly 
smaller doses of liquid H, but in general the severity 
and healing time of severe injuries in the two classes 
of animals are not very different. Hypersensitive 
animals proved to be little if any more susceptible to 
the effects of inhaled vapor than did normal controls. 


PREVENTION OF SENSITIZATION TO H 


Partial refractoriness to sensitization to H has 
been produced by a variety of procedures: 

1. Guinea pigs repeatedly exposed to very small 
dosages of H vapor and subsequently subjected to a 
“sensitizing” schedule of cutaneous applications of H 
in ligroin usually failed to develop as pronounced a 
degree of hypersensitivity as was obtained with 
normal animals. 8 

2. Partial refractoriness to full sensitization by H 
was also induced by prior treatment with a series of 
applications of highly diluted H in ligroin (i.e., con- 
centrations lower than those which produce injury 
and induce hypersensitivity ).® 

3. Guinea pigs that had sustained a severe burn 
due to liquid H and were subsequently given a 
‘sensitizing’ schedule of cutaneous applications of 
H in benzene developed considerably less hypersensi- 
tivity than normal control animals.!”6 

4. A similar result was obtained when the condi- 
tioning application of H, instead of being very large 
and productive of severe injury, was only a minute 
dose (10 ug) given some 6 weeks antecedent to the 
sensitizing schedule.”® Subsequent, to the sensitizing 
schedule, 11 of the unconditioned animals reacted to 
a maximum dilution of 1/32,000 H in benzene and 
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3 to 1/16,000, whereas of the conditioned animals 
15 of 16 reacted only to maximum dilutions of 
1/8,000 or less. 

5. There is some evidence that previous immuniza- 
tion with diptheria toxoid may reduce the capacity of 
guinea pigs to be rendered hypersensitive to H by the 
usual procedures.!'* 


DESENSITIZATION 


The only procedure which has resulted in signifi- 
eant desensitization of hypersensitive guinea pigs 
has been the prolonged daily administration of H in 
small doses to the skin.?* [n one experiment a group 
(A) of animals received daily for 10 days 2 drops of 
0.1 per cent H in petroleum ether. A second group 
(B) received these doses and in addition 20 daily 
administrations of 0.02 per cent H in petroleum 
ether. The skin responses of both groups at 10 days 
indicated that all animals were becoming sensitized. 
However, 2 weeks after the completion of the course 
of injections given to group B, it was found that in 
this group, 1 animal reacted to a maximum dilution 
of 1/8,000, 9 to 1/4,000, and 1 to 1/2,000, whereas in 
group A, 6 reacted to 1/32,000 and 2 to 1/16,000. In 
a second experiment hypersensitive animals were 
treated daily for 30 days with a drop of 0.02 per cent 
H in petroleum ether. Before the course, 3 of 6 re- 
acted to a maximum dilution of 1/32,000 and 3 of 6 
to 1/16,000. After the course, 2 of 6 reacted to a 
maximum dilution of 1/16,000, 3 of 6 to 1/8,000, and 
1 of 6 to 1/4,000. 

Attempts to desensitize hypersensitive animals by 
the following procedures have not met with success: 
repeated intraperitoneal injections of H in olive oil, 
repeated exposures to low dosages of H vapor, intra- 
peritoneal injections of H-treated proteins, and cu- 
taneous applications of bis(8-chloroethyl) ether or of 
thiodiglycol; * production of a severe H burn, intra- 
peritoneal injection of H in sesame oil, an immunizing 
schedule with an H-serum conjugate, and intraperi- 
toneal injections of a potent antiserum against a 
conjugate of H with serum globulin; 1 and feeding 
of H-treated keratein or of powdered skin from 
H-sensitive guinea pigs."?s The effects of ingestion 
of H in olive oil were erratic in a small series of 
tests.1!s 


23.5.3 Miscellaneous Observations 


Of interest in relation to various miscellaneous ob- 
servations and to future work on sensitivity and 
hypersensitivity to vesicants are a number of studies 


on the preparation and chemical and immunological 
properties of H-serum protein complexes.10% 123,125, 
127,147 H-serum protein complexes prepared in phos- 
phate buffer contain residues of phosphate as well as 
of diethyl sulfide and protein.?? Injection of H-serum 
protein complexes produces antibodies which give 
precipitin reactions with the antigen injected.!??^. 
125,147 Similar observations have been made with anti- 
gens prepared by treatment of serum protein with H 
sulfone and divinyl] sulfone.!° 47 There is cross-re- 
action between proteins treated with the two sul- 
fones, but not between sulfone-treated and H-treated 
proteins !99^ — an observation of historical interest 
in relation to the “‘sulfone theory” of the action of H. 

Implantation of an H-collagen complex under the 
skins of rabbits evoked no particular reaction,’ nor 
in normal guinea pigs did intradermal injection of an 
H-serum protein conjugate.” In some hypersensitive 
guinea pigs, however, injection of the H-serum pro- 
tein complex evoked a severe delayed reaction con- 
sisting of an area of marked erythema and edema 
with central necrosis.'”° 

No anaphylactic symptoms were observed in 
H-sensitized guinea pigs upon intravenous injection 
of H-protein complexes."5 

The limited available evidence would seem to indi- 
cate that a skin site on a normal human subject 1s not 
sensitized to the injury-producing action of H by 
intradermal injection of serum from a hypersensitive 
individual,” although the possible existence of such 
passive sensitization had been suggested by earlier 
observations. °! 


MOLECULAR STRUCTURE IN 
RELATION TO VESICANCY 


23.6 


In order to produce vesication a substance must 
(1) be brought into contact with the skin, (2) pene- 
trate into the skin, and (3) there exert actions that 
culminate in injury. 

The readiness with which a substance may prac- 
tically be brought into contact with the skin has 
little bearing on the mechanism of vesication but is of 
great practical importance in the choice of a vesicant 
for use in warfare. Numerous physical and chemical 
characteristics (i.e., ease of synthesis, physical state, 
vapor pressure, stability, susceptibility to hydrol- 
ysis, etc.) play a role and consequently require con- 
sideration in evaluations such as those presented in 
Chapters 5 and 6. It will suffice here to mention two 
generalizations. First, a solid vesicant (e.g., crystal- 
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TABLE 16. Vapor pressures and vesicancies of some sulfur mustards. 


Median Absolute vesicancy 
Vapor pressure vesicating dose in relation to 
Compound (mm Hg at 20 C) (ug)* H = 1007 
8-Chloroethyl mercaptan 1854 ume < 515,54 
Methyl 8-chloroethyl sulfide 5.419 » 200?? 6 15,105 
Ethyl 8-chloroethyl sulfide 2.419 > 200 2? 6 15,103,105 
H 0.7529 3229 100 
T 0.000155 429 « 100 10: 
Q 0.000013% 0.329 100—200 102 


* Liquids applied uncovered to skin; the Q was dissolved in dioxane. 


T Liquids applied to skin and covered to prevent evaporation, or skin exposed to known dosages (Ct’s) of vapor. 


line Q) of great intrinsic potency may in practice 
prove to be relatively ineffective when applied to 
bare, dry skin, because it makes poor contact and is 
apt to be rubbed or blown off before it penetrates.?? 
Second, if one compares H with the most vesicant 
sulfur mustards having either much higher or much 
lower vapor pressures, there appears (Table 16) an 
inverse correlation between vesicant potency and 
vapor pressure. Thus, the most vesicant compounds 
cannot be utilized at high vapor concentrations. 

With regard to penetration of the skin, some sub- 
stances (e.g., iodine, methyl salicylate) which readily 
penetrate lack vesicant properties. Other substances 
which are potent cytotoxic agents when introduced 
into the body are relatively innocuous when applied 
to the skin, presumably because they are poor 
penetrants. The sulfonium salts of H provide one 
example. Another interesting example is supplied by 
a comparison of H with its selenium analog, bts- 
(6-chloroethyl) selenide; the two agents possess ap- 
proximately the same toxicity as measured by their 
L(Ct)50’s for mice, but the selenide would appear to 
be at least several times less potent than H as a 
vesicant. 6 

Among the vesicant substances, quantitative data 
on rate of penetration are available only for H, 
benzyl-H, HN1, and HN3 (see Section 23.3.1). It is 
noteworthy that the vapors of these four substances 
— which differ considerably in physicochemical 
properties — are taken up by the skin with approxi- 
mately the same efficiency (see Table 5). Thus, the 
differences which they exhibit in vesicant potency 
must be due to differences in the injury-producing 
effectiveness of the molecules that have penetrated 
into the skin. 

The distribution, activation, and reaction of 
vesicant substances in a heterogeneous system such 
as the skin are so complicated that no detailed ra- 
tional interpretation of vesicant potency in relation 


to physical and chemical properties can as yet be 
made for any series of chemically related com- 
pounds. This situation prevails for the sulfur and 
nitrogen mustards in spite of detailed studies on the 
nature and kinetics of their chemical reactions (Chap- 
ters 19 and 20) and on their toxicology (Chapters 5, 
6, 21, and 22). The meager results of attempts to 
correlate kinetic data with toxicity are summarized 
in Section 22.8. Perusal of the reports cited in Sec- 
tion 23.3 will reveal how difficult it has been to obtain 
for only a few compounds some of the quantitative 
toxicological information that would be required, and 
attention has been called to precautions that should 
be observed in comparative studies.!” 

There are available, however, the results of vesi- 
cancy screening tests with numerous sulfur and 
nitrogen mustards and related compounds (see Tables 
1 of Chapters 5 and 6).1623,32,86,102,103,105 Hirgm these 
data it has been possible to derive for the sulfur 
compounds a number of empirical correlations be- 
tween molecular structure and vesicancy.*°" 195 Some 
of the more general conclusions follow: 

1. 8-Chlorothioethers are the most effective vesi- 
cants among sulfur compounds. Change of position 
of the chlorine atom causes vesicant action to fall off 
sharply. 

2. The vesicant power is greatly decreased if the 
chlorine atom is replaced by an iodine atom or by a 
group such as cyano, thiocyano, acetoxy, or oximino. 

3. Introduction of a substituent on a f-chloro- 
ethylthio group of a vesicant decreases or destroys its 
vesicant action. 

4. The vesicant power of a thioether is decreased 
by any change in structure which lessens the basicity 
of the sulfur atom. 

5. Q and its homologs having the general formula 
CICH,CH28S(CH2),SCH2zCH.Cl are more vesicant 
than H when n = 1-5; the vesicancy drops off 
markedly for higher values of n. 
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6. 8-Chloroethyl disulfides are only very slightly 
vesicant. 

7. Compounds of the type CICH;CH$8(CH5);- 
S(CH$;), SCH;CH3CI are less vesicant than H. 

8. Compounds containing the >SO group, such as 
sulfites and sulfoxides, are not vesicant. 

9. Certain 6-chloroethyl and f-bromoethyl sul- 
fones, sulfonyl chlorides, and sulfates are vesicant. 

10. Vesicancy is also exhibited in lesser degree by 
certain halogen-free sulfones and sulfates. 

11. All of the highly vesicant compounds possess 
considerable lipoid solubility. 

It may be noted in conclusion that the chemical 
mechanism of activation and reaction is different for 
the sulfones (e.g., divinyl sulfone) than for the more 
typical 8-chloroethyl sulfur and nitrogen mustards 
(Chapter 19), and that the N-8-chloroetbyl-N-nitro- 
socarbamates (Chapter 8) and the arsenicals (Chap- 
ter 7) act by still other mechanisms. 


23.7 FACTORS INFLUENCING INJURY- 
PRODUCING EFFECTIVENESS OF 
VESICANTS 


The injury-producing effectiveness of H and other 
sulfur and nitrogen mustards is influenced by a multi- 
tude of biological and physical variables. All these 
variables should be considered in the planning and 
interpretation of quantitative studies on the mecha- 
nism of vesication. Many of them bear importantly on 
the effectiveness of vesicants in the field. The factors 
that have been correlated with susceptibility will 
first be listed and discussed empirically (Section 
23.7.1), with the understanding that correlations do 
not necessarily imply direct causal relationships. A 
brief attempt will then be made to integrate the 
findings and to define some of the variables that ap- 
pear to be of primary importance (Section 23.7.2). 


Factors Correlated with 
Susceptibility 


23.1.1 


SPECIES 


It is clear that species differences in susceptibility to 
cutaneous injury by H as vapor and liquid exist 7457: 
40b 116,157 but there does not appear to have been oc- 
casion to make extensive comparative studies. The 
order of susceptibility might not prove to be in- 
variant under various testing conditions. There is 
agreement that the horse is relatively sensitive,!5.!57 
and the guinea pig and monkey appear to be rela- 
tively resistant.9457 Some observers ? consider the 
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rabbit sensitive relative to man, but under different 
conditions others ** have found it more resistant even 
though injury develops more rapidly than in man. 
The pig is a convenient experimental animal when 
human subjects cannot be used.’ 

In addition to differences in susceptibility to in- 
jury, there are marked species differences in the 
character and time course of injury development and 
healing (see Section 23.2). 


Race, PIGMENT, AND COMPLEXION 

A number of observations demonstrate that 
negroes are more resistant than whites (Caucasians) 
to H as vapor and liquid.??:2.131./57 A similar difference 
is revealed by less extensive data for HN2 (Table 17) 


TABLE 17. Relative susceptibility of negroes and whites 
to small doses of liquid H and HN2.* 








Agent Dose (ug) Race Erythemas Blisters 

H 65 White 38/38 32/38 
Negro 29/30 8/30 

HN2 170 White 26/35 6/35 
Negro 8/30 0/30 





and HN1.” In the case of HN1, tested by localized 
applications of saturated vapor, the results indicate 
that the ratio of the exposure times to produce equal 
injury in the two races may be in the order of 1/3 or 
1/4.2 The ratio in the case of H does not appear to 
be greater and may be less.?*In spite of this significant 
racial difference in susceptibility to injury, the vapors 
of H and HN1 penetrate the skin of negroes equally 
as rapidly as that of whites. It bas been suggested 
that the relative resistance of negroes may be re- 
lated to the relatively thick horny layer of their skin.” 
There do not appear to have been man-chamber or 
field tests to determine whether the casualty-produc- 
ing effect of H in negroes is sufficiently less than in 
whites to be of practical significance in warfare. 

In view of the apparently well-established differ- 
ence between the susceptibility of negroes and whites 
when tested in temperate climates, it is of interest to 
note that little difference was found between the 
severity of injuries produced by application of small 
amounts of liquid H to Puerto Rican troops and to 
troops from the continental United States. Both 
eroups of subjects were acclimated to the tropics. 
The development of vesication in the Puerto Ricans 
tended to be slower but the difference was not estab- 
lished with statistical significance. 

An extensive series of tests has been conducted to 
determine the relative sensitivity of white and 
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Japanese-American (Nisei) troops in the United 
States Army.9?^.44,7 No significant differences were 
found between the reactions of the two groups either 
to liquid H at small doses or to vapor at dosages of 75 
and 150 mg min/m*. 

some observers have reported that, among whites, 
fair-complexioned individuals react more severely to 
H than darker-skinned subjects 11525! but others have 
failed to note conspicuous differences.^ 

Data on the relation in animals of pigmentation to 
susceptibility to H are not consistent. In a black and 
white piebald pig no difference in susceptibility of 
pigmented and nonpigmented areas was observed.? 
In piebald rats, on the otber hand, it 1s reported that 
liquid H produced larger and deeper burns in the 
pigmented areas than in the nonpigmented regions,** 
whereas light-skinned guinea pigs appeared to be 
decidedly more sensitive to mild injury by H vapor 
than dark-skinned animals.** 


INDIVIDUAL VARIATION 


The errors inherent in testing methods as well as 
the action of spurious environmental variables un- 
doubtedly have contributed to the commonly held 
impression that normal (i.e., not previously exposed) 
individuals differ enormously in their sensitivity to 
H. Nevertheless, there can be little doubt that con- 
siderable and, rarely, large variations in susceptibility 
to injury do exist between individuals of a group that 
is apparently homogeneous with respect to the vari- 
ables enumerated above and below. The pertinent 
literature on man and animals was reviewed in de- 
tail in 1944. In addition to the more important papers 
evaluated in the review 43,59,106,151,157,167 the results 
of a few other studies are available. 

In one group of previously unexposed individuals, 
relative sensitivity to H was found to be definitely 
correlated with susceptibility to HN3, slightly cor- 
related with susceptibility to Q and T, but not cor- 
related significantly with susceptibility to L or 
phenyldichlorarsine.7” 


ACQUIRED HYPERSENSITIVITY 


Exposure and, particularly, repeated exposure to 
H often leads to the development of acquired hy- 
persensitivity (see Section 23.5). 


Part oF Bopy 


One of the most striking facts about susceptibility 
to H and the nitrogen mustards is the existence of 
pronounced differences between the various regions 
of the body, at least under conditions when there 
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is not generalized sweating. The numerous pertinent 
data from man-chamber and field tests have recently 
been summarized. 81:82:85.137 In general the most sensi- 
tive regions are those that usually are warm and 
moist and/or subject to friction.?7 These areas in- 
clude the scrotum, penis, axillae, and the cubital and 
popliteal fossae. However, the palm of the hand is 
exceptionally resistant.” Regional differences still 
exist but are much less pronounced when the body 
surface as a whole is wet with sweat.8! 144 

Regional differences in sensitivity have been ob- 
served in animals as well as in man.!?:4% 4 (See also 
Section 23.2.2.) 


AGE AND SIZE 


Within the rather limited age range of 17—35 years, 
no correlation of susceptibility with age of human 
subject has been found in tests with several sulfur 
and nitrogen mustards, namely H, HQ mixture, T, 
HNI, and HINJ3."'* 

It has been reported that ducks 9 weeks old are 
definitely more sensitive to injury by small doses of 
liquid H than ducks 18 months old.*?.!5 


NUTRITIONAL STATE 


There appears to be no evidence that either suscep- 
tibility to injury by H or time for healing of H in- 
juries are appreciably affected by specially fortified 
diets or by subclinical nutritional deficiencies. How- 
ever, a series of studies +° on the severity and healing 
time of burns produced by liquid H in rats demon- 
strates that alterations can be produced by certain 
extreme nutritional deficiencies, whereas certain other 
variations in diet are without effect. The findings may 
be summarized as follows. 

1. Nutritional deficiency apparently resulting in 
less extensive injury than in normal rats: advanced 
biotin deficiency characterized by generalized ex- 
foliative dermatitis.*9 

2. Nutritional deficiencies having little or no effect 
on extent of injury or time for healing: carbohydrate 
deficiency; "^ moderate protein deficiency; *" vita- | 
min A deficiency; “? and magnesium deficiency 
characterized by erythematous and edematous 
skin.“ 

3. Nutritional deficiencies resulting in increased 
extent of injury and duration of healing time: severe 
fat’ deficiency characterized by an atrophic, scaly, 
inelastic skin; 4% severe protein deficiency; + severe 
deficiency of the entire vitamin B complex except 
thiamin, characterized by an atrophic, thin skin; *°¢ 
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moderate biotin deficiency; *5 pyridoxine defi- 
cieney; 9* riboflavin deficiency; 4! pantothenic acid 
deficiency; *^^ and, possibly, severe inanition.*?" 

4. Additions to a normal, complete diet having no 
effect on extent of injury or on time for healing: 
thiamin; 4# riboflavin; 4% pyridoxine; +f pantothenic 
acid; 4f nicotinic acid; 4f- inositol; ?' para-amino- 
benzoic acid; 4° biotin; 4° choline; 4° cystine; ** and 
(when administered only subsequent to the applica- 
tion of H) vitamin À concentrate.*?v 

5. Dietary alteration having no detected effect: 
substitution of para-aminobenzamide for para- 
aminobenzoic acid.*9?" 


ACCLIMATIZATION; PRE- AND Posr-EXPOSURE 
CONDITIONING 


There is a general impression that, independent of 
ambient temperature and humidity, the skin is less 
sensitive to injury by H in the winter than in the 
summer in temperate climates, and that acclimati- 
zation to the tropics may alter susceptibility. How- 
ever, evidence bearing on these suppositions 1s 
limited and apparently conflicting. Ambient tem- 
perature and humidity were not adequately con- 
trolled in some of the earlier observations.*! More- 
over, measurement of ambient temperature is an 
incomplete measure of thermal environment; the 
radiant energy component has been overlooked in 
all work to date. 

Two thorough investigations at the University of 
Chicago Toxicity Laboratory >” fail to reveal any 
difference in intrinsic sensitivity to H in summer and 
winter at Chicago. The first of these investigations 
was a statistical analysis of extensive data obtained 
with liquid H in small doses.^ No evidence of à 
cumulative seasonal effect independent of ambient 
temperature and humidity was apparent. The 
second “ was an extensive series of man-chamber 
trials in which subjects were exposed to H vapor at 
a dosage of 100 mg min/m? at various chamber 
temperatures and humidities. Exposures during 
February and March (cool weather) produced neither 
more nor less severe burns than exposures at corre- 
sponding chamber temperatures and humidities dur- 
ing July and August (hot weather). 

On the other hand observations at the United 
States Naval Research Laboratory reveal that ex- 
posure of subjects to the vapors of H, HN1, and HN3 
under controlled conditions in a man-chamber leads 
to somewhat more severe injuries in summer than in 
winter.9* Evidence was produced that precooling 


the subjeets immediately prior to a 60-minute ex- 
posure period definitely decreased the severity of in- 
jury, and it was suggested that this factor might 
underlie the observed seasonal effect. In any event 
it is apparent that adequate evaluation of a possible 
effect of acclimatization on sensitivity requires that 
the subjects be maintained at a chamber tempera- 
ture and humidity for a short while before and after 
the actual exposure to vesicant vapor if the outside 
conditions are greatly different from those in the 
chamber. 

This condition was fulfilled in the course of limited 
arm-chamber observations with HN1 vapor.*? The 
results indicated that at a temperature of 90 F and 
relative humidity of 65 per cent this agent produced 
definitely more severe injuries in the summer than 
during cool fall weather. 

Some Australian observations also seem clearly to 
reveal an effect of either pre- or post-exposure condi- 
tioning.:4 Exposure of subjects to H vapor at the 
beginning of the hot season resulted in definitely more 
severe injuries than comparable exposures at the 
same ambient temperature and relative humidity at 
the end of the hot season. The tentative interpreta- 
tion given in the original report,” that the more 
severe effects produced at the beginning of the hot 
season is to be related to the higher environmental 
temperature prevailing during the post-exposure 
period, is plausible. Logically, however, there exists 
the alternative possibility that the difference in 
susceptibility was related to differences in pre-ex- 
posure meteorological conditions or in the activities 
of the subjects during the hours, days, or weeks be- 
fore their exposure. 

It has generally been assumed that post-exposure 
physical exercise, by producing mechanical chafing 
and trauma to partially injured skin (e.g., of the 
scrotum), increases the severity of vesicant in- 
juries. *!8 However, in actual tests Australian 1n- 
vestigators bave noted no marked differences in 
severity of injury or time for healing between burned 
volunteer subjects who engaged in daily assault 
course runs and others who undertook no violent 
exercise. 138 


STATE OF VESICANT 


A vesicant may be applied as vapor, as liquid in 
large drops or splashes, or as a particulate of varying 
(small) particle size. Comparisons of the effects of 
liquid and vapor have been made in the preceding 
sections of this chapter and the characteristics of par- 
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ticulate elouds of vesicants ?9/».9.5,77? are discussed in 
Chapter 15. 

The size and severity of the injury produced by a 
given amount of liquid vesicant (e.g., H) is affected 
by the degree to which the liquid 1s spread over the 
skin. This in turn may be affected either by the mode 
of application ?*^*^ or by movements of the subject 
or animal to which the dose is applied.*°” 


DOSAGE 


The time that a liquid vesicant remains in contact 
with the skin and, in the case of vapor, the dosage 
(Ct) to which the skin 1s exposed are prime factors in 
determining severity of injury. The numerous avail- 
able man-chamber and field test data suffice reason- 
ably well to define the effects of exposure to various 
dosages of H vapor on totally exposed human sub- 
jects under various conditions 79,76,81,134,135,138,142—144 
and have recently been summarized and reviewed. % 
Similar but less extensive data are also available for 
the nitrogen mustards.® Data and calculations on 
the dose-lesion relationship for vesicants as vapors 
and liquids applied to small areas of skin are also 
available.12:15.18,26,29,32,80 


EXPOSURE TiME; MULTIPLE EXPOSURES 


Data on the L(Ct)50’s of H and on the eye effects 
of H and the nitrogen mustards give clear evidence 
of deviations from Haber’s law for the range of ex- 
posure time 10-240 minutes (see Chapters 5 and 6). 
Although early observations also suggested the exist- 
ence of pronounced variation in blistering dosage (Ct) 
of H vapor as a function of time,* the bulk of recent 
data indicates that variation of exposure time over 
the range 5-240 minutes has remarkably little effect 
on the injurant action of given dosages of H vapor.* 
Specific experiments to test this point include (1) 
vapor train experiments with bare skin exposed to H 
vapor for 3, 10, and 60 minutes; !* (2) man-chamber 
tests with H vapor on unclothed skin areas of ob- 
servers exposed for 15, 30, and 60 minutes both at 
90 F and 65 per cent relative humidity and at 78 F 
and 54 per cent relative humidity; 7 (3) man-cham- 
ber tests with H vapor on unclothed skin areas of 
observers exposed for 30 and 160 minutes at 90 F and 
85 per cent relative humidity; ”* and (4) man- 
chamber tests of H vapor on clothed subjects ex- 
posed for 40 and 240 minutes.!”! 

Deviations from Haber's law may be expected 
when clothed subjects are exposed for short times, 
because of the effects of clothing in delaying the en- 
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trance of H to the skin and/or of effectively prolong- 
ing the exposure time by trapping vapor subsequent 
to the nominal end of the exposure. Deviations may 
also be expected for short exposure times when the 
subjects enter a chamber maintained at a temperature 
and humidity significantly different from those to 
which they are exposed before the exposure. ??^.5! 

Little information is available with regard to the 
effectiveness of H. vapor at very long exposure times 
or with regard to the effects of repeated small dosages. 
It appears that the injury resulting from a given total 
dosage becomes progressively less severe as the 
dosage 1s given in more numerous parts and at pro- 
gressively greater intervals.!'? Observers exposed to a 
dosage of about 300 mg min/m divided in four ex- 
posures at 2- or 4-day intervals sustained about the 
same degree of injury as observers exposed to 100 mg 
min/m? in one exposure, and significantly less injury 
than subjects exposed to a dosage of 270 mg min/m? 
in two exposures separated by only 1 day. 


ADDITIVES AND DILUENTS 


The skin-injurant potency of mixtures of vesicants 
has been tested for a variety of reasons, i.e., because 
the mixture happened to be produced by manu- 
facturing processes, because it possessed more desir- 
able physical properties (such as low freezing point) 
than the individual compounds, or because it was 
hoped that a potentiation of the actions of the com- 
ponents might occur. In general, mixtures of sulfur 
and nitrogen mustards with each other or with 
arsenicals, when applied to the skin as small amounts 
of liquid with evaporation permitted, possess vesicant 
potencies intermediate between those of the indi- 
vidual components.!5.32,55k.»,» ITO and H'T mixtures 
are notably more potent than H itself because of the 
high potencies of Q and T (see Chapter 5). 

New vesicants have often been evaluated as dilute 
solutions in inert solvents, and the relative sensitivi- 
ties of individuals to H are routinely determined by 
applications of dilute solutions. It is therefore of 
interest to note that the injurant action of H at a dose 
of 65 ug was found to be less when applied diluted in 
certain solvents than when applied undiluted, and 
that different results were obtained with different 
solvents ? (see T'able 18). 

On the other hand, in the course of attempts to 
increase the potency of H by use of additives, one 
special set of circumstances has been found in which 
diluted H is more potent than undiluted H.'* When 
relatively large doses of H in methyl Cellosolve are 
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TABLE 18. Effect of solvents on the injurant action of H.? 


In each instance 65 ug of H was applied, either undi- 
luted or in solution as indicated, to the forearms of human 


subjects. 
T = 67F, relative humidity = 62%. 


Volume  Erythemas Blisters 

Solution delivered Size Size 

delivered (mm?) No. (mm) No. (mm) 
100% H 0.05 18/18 7 12/18 6 
5095 H in DPE* 0.10 17/18 7 0/18 i 
10095 H DOSSSTIZATA 7 ie ftr. 5 
50% Hindioxane 0.10 17/17 6 7/17 5 
100% H 0.05 19/19 8 14/19 5 
25% Hin DPE* 0.20 9/19 5 1/19 4 
100% H 0.05 19/19 8 14/19 5 
25% Hindioxane 0.20 18/19 1 2/19 5 


* Diphenyl ether. 


applied to circumscribed areas of pig skin and decon- 
taminated after 5 minutes, certain dilutions (1.e., 1/9 
and 1/1) produce as serious injury as the same volume 
of undiluted H, and other dilutions (1.e., 2/8 to 3/7) 
produce more serious injury than undiluted H. These 
observations have been confirmed ? but it has been 
demonstrated that the conditions under which the 
mixture is the more potent are very limited.7??:92.351 [m 
pigs there is no difference between the injuries pro- 
duced by neat H and diluted H if the exposures are 
for 10 minutes instead of 5.? [n man and the pig, 
neat H in both large and small doses produced much 
more severe injuries than corresponding volumes of 
the mixture if decontamination was not practiced.” 
If free spread on the skin is permitted and decon- 
tamination practiced at 5 minutes, H/Cellosolve 
produces larger but less severe lesions.?? It 1s obvious 
that the use of H/Cellosolve mixtures would have no 
practical use in warfare but the interpretation of the 
enhanced effect under the special conditions would be 
of considerable physiological interest. 

Detergents notably increase the solubility and rate 
of solution of H in water? and greatly decrease the 
interfacial tension between H and water.!*.?! [t might 
therefore be expected that addition of wetting agents 
to H would increase its vesicant effects, particularly 
on sweating skin. Although a preliminary set of ex- 
periments indicated that this was the case,9? exten- 
sive tests with small and large doses of liquid H ap- 
plied to animal skin and to sweating and nonsweating 
human skin fail to reveal any potentiation by any of 
a large number of wetting agents.”?,%2,3¢,1,k,75b A 
similar absence of potentiation of vesicancy by addi- 





tion of wetting agents has been noted in experiments ° 
with HN3.**! 

The desirability of using thickened (viscous) vesi- 
cants in warfare has prompted tests of the relative 
vesicancies of unthickened and variously thickened 
H and HT mixtures on bare skin and through cloth- 
ing .*5h,i,k,o,75b,119,120 [nder a variety of conditions the 
addition of thickening agents has proved to have 
remarkably little effect, although small but signifi- 
cant differences have been found in some circum- 
stances 35.9 and may perhaps be correlated with 
viscosity.!”° 


ENVIRONMENTAL [TEMPERATURE 


Numerous observations demonstrate that H as 
liquid and vapor produces more severe burns at high 
environmental temperatures than at low tempera- 
tures when other environmental variables are main- 
tained unchanged.!-14,56,76,81,122,134 Pertinent man- 
chamber and field test data have been summarized 
and reviewed.* The most pronounced effect of tem- 
perature change occurs in the range that results in 
change of skin condition from relatively dry to wet 
with sweat. * 


HUMIDITY 


Increase in relative (or absolute) humidity in the 
absence of change of temperature or other environ- 
mental variables also increases the susceptibility of 
the skin to H.15:51,66,76,81 The effect of humidity change 
may not be detected when it does not result in much 
alteration of the moistness of the skin,*!** but it is 
pronounced when it results in marked changes in 
skin wetness. *! 


EXERCISE 


Exercise which results in sweating during exposure 
produces a pronounced increase in skin sensitivity to 
H and the nitrogen mustards.?35m,n,135,138,143 Perti- 
nent man-chamber and field test data have been 
summarized and reviewed.* 


WIND VELOCITY — AIRFLOW 


Wind velocity assumes great importance in the case 
of vesicants dispersed as aerosols or fine particulates 
(see Chapter 15). It seems to be of only minor im- 
portance in the case of vapors,?^..4.735,538 and prob- 


* An isolated unpublished observation of the reviewer sug- 
gests that HN1 vapor may produce more severe injury on skin 
wetted by water containing a wetting agent (Zephiran — a 
mixture of high molecular alkyl-dimethyl-benzyl ammonium 
chlorides) than on skin wetted by water alone. 
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ably acts principally via its effect on the degree to 
which the skin is wet with sweat.! 

Of interest in connection with laboratory studies is 
the observation that thermal convection currents 
over the surface of a quiescent animal contaminated 
with liquid H carry vapor in the direction of flow 
and result in finger-like extensions of the burned 
area.’ 


= 
“RADIATOR EFFECT” 


Exposures of subjects to a given dosage of H vapor 
in a man-chamber at 90 F and 65 per cent relative 
humidity produced significantly more severe injury 
to their arms than exposure of the arms alone of sub- 
jects in an arm-chamber at 90 F and 664 per cent 
relative humidity when the remainder of the body 
was 1n a room at 70-80 F and 20-30 per cent relative 
humidity. When the room temperature was also 
raised to 90 F and 65 per cent relative humidity, the 
arm lesions approximated in severity those obtained 
in the man-chamber. It was concluded that the rest 
of the body “‘is capable of functioning as a ‘radiator’ 
and thus succeeds in altering the reactivity of the 
exposed surfaces and reduced the severity of the re- 
action" when the body is at the lower room tem- 
perature./? It appears that the "radiator effect" can 
be interpreted as follows: * At a room temperature of 
90 F generalized sweating occurs, whereas at 70-80 F 
it does not (or is mild); thus the exposed forearms 
were probably sweating in the former case but not 
in the latter. 


SIZE OF EXPOSED AREA OF SKIN 


It has frequently been noted with surprise that the 
blistering dosage of H or nitrogen mustard vapor as 
determined by exposure of small areas of skin by 
vapor-train or vapor-cup techniques is much higher 
than the casualty-producing dosages of the vapors 
as determined in man-chamber tests. To a considera- 
ble degree, the discrepancy is based merely on dif- 
ferences in the severity of injury taken as an end 
point, on differences in the sensitivity of the parts of 
the body surface exposed, on differences in tempera- 
ture and humidity, and on the radiator effect de- 
scribed above. It is possible that, in addition, ex- 
posure of a small area of skin leads to less severe 
injury per unit area than exposure of a large area of 
skin. A priori reasoning leads to the conclusion that 
such must be the case, but no tests have been made 
to determine the ranges of area in which the postu- 
lated effect is and is not of significance. 
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An interesting unconfirmed observation was that 
exposure of a narrow annulus of forearm skin to H 
smoke or vapor at a given dosage resulted in more 
severe injury 1f a second annulus 1 or 2 inches distad 
on the arm had also been exposed than if it had not.?»» 


CLOTHING 


For the sake of completeness it may be mentioned 
that in general the effects of vesicants through cloth- 
ing are of greater practical interest than their effects 
on bare skin, and that assessments of the casualty- 
producing effectiveness of agents as liquids or as 
vapors are ordinarily made for troops dressed in 
either ordinary battle dress or in protective clothing 
(see Chapters 5 and 6). 

23.7.2 Factors of Primary Importance 
in Determining Susceptibility 

Numerous observations demonstrate that human 
skin that is hot and sweaty is much more susceptible 
to injury by the sulfur and nitrogen mustards than 
comparable areas of skin that are relatively cool and 
dry 19,93,35m n.o, p,76,80—82,84,85,122,154/125,108, 198 90 NNNM In 
fact, for practical purposes it is considered that sensi- 
tivity to vapor of troops not equipped with protec- 
tive clothing is determined principally by the degree 
to which their skin is wet with sweat.®* In all proba- 
bility skin moisture content underlies the effects of 
environmental temperature, environmental humid- 
ity, exercise and airflow, the “radiator effect,” and, in 
large part, the strikingly different sensitivities of the 
various parts of the body under cool and temperate 
conditions.‘ Although it is true that work correlating 
susceptibility to H vapor with factors which in- 
fiuence sweating and skin wetness has for the most 
part been rather qualitative, possibilities for a more 
rigorous evaluation are suggested by a recent Aus- 
tralian study '! in which account is taken of recently 
accumulated quantitative data on the cutaneous 
responses and characteristics of subjects under vari- 
ous conditions with respect to meteorology, clothing, 
exercise, and acclimatization. !45:'49,168 

Particularly illuminating experiments with regard 
to the effect of humidity and temperature on sweat- 
ing and sensitivity to H have been performed in the 
man-chamber at the United States Naval Research 
Laboratory.*! Sweating, as measured by a clinical 


‘If acclimatization to hot or cold environments should 
prove to influence sensitivity to vesicants, possible correla- 
tions with the effects of acclimatization on the sweating process 
and cutaneous heat loss in general should be borne in mind. 
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starch-iodine test, was determined under the same 
conditions as susceptibility to injury by H vapor. 
At 70 F and 62 per cent relative humidity, subjects 
exposed to H vapor at a dosage of 400 mg min/m? 
developed intense erythema of only the axillae and 
showed minimal effects on other parts of the body 
(protective shorts were worn). Correspondingly, 
sweat tests revealed active sweating only in the 
axillae and genital regions. At 90 F and 65 per cent 
relative humidity, men exposed to 300 mg min/m? 
showed intense generalized erythema in spite of the 
lower dosage and, correspondingly, generalized active 
sweating could be demonstrated. Tests to reveal the 
effects of relative humidity were carried out at 85 F 
inasmuch as this temperature is approximately that 
above which resting men begin to show generalized 
active sweating. At 36 per cent relative humidity, 
active sweating was confined to the axillae and genital 
regions, while at 75 per cent there was moderate 
generalized sweating. Correspondingly, the injuries 
produced by exposure to 300 mg min/m? of H vapor 
were at the low humidity similar to those described 
above for 70 F, and at the high humidity were similar 
to those described for 90 F. 

That individual variations in sensitivity may ın 
part be related to skin moisture is revealed by the 
finding that in a man-chamber test a subject who 
was perceptibly sweating experienced more severe 
injury than simultaneously exposed subjects who 
were not perceptibly sweating.”" Also in accordance 
with the concept that skin moisture is important in 
determining sensitivity is the observation that skin 
resistance measurements are of some value, probably 
of more value than skin temperature measurements, 
in determining which of a group of men will ex- 
hibit greatest sensitivity upon exposure to vesi- 
cants.9».77 Measurement of skin resistance should 
help make future work more quantitative. 

The following findings demonstrate that the in- 
creased sensitivity of hot, sweating skin is due, at 
least in large part, merely to the presence of water 
on and in the superficial layers, irrespective of other 
components of sweat, active sweating, elevated skin 
temperature, or peripheral vasodilatation: 

1. In subjects who are not perceptibly sweating, 
the vapors of both H and HN1 produce markedly 
more severe injury on areas of skin that are wet with 
distilled water or artificial sweat than on comparable 
areas of skin not wet with water.?0,51,157,164,162 

2. In one experiment no marked difference existed 
between the severity of injuries produced by exposure 


to H vapor of (a) skin wet with distilled water and 
(b) skin wet with 4 per cent sodium chloride.?? 

3. Applications of simulated sebum (lanolin hy- 
drated 50 per cent) to both sweating and nonsweating 
skin neither increased nor decreased the injury pro- 
duced by exposure to H vapor.* 

With regard to the reason the vapors of H and 
HN1 produce more severe injuries on water-wetted 
than on dry skin, possible explanations have been 
discussed ?? but do not appear to have been resolved 
experimentally. | 

Other factors than skin moisture are also un- 
doubtediy of importance as primary determinants of 
susceptibility to injury. The palm, for example, was 
found to be more resistant than the body surface as 
a whole even under conditions when active sweating 
occurred on the palm but not on the general body 
surface.*! It is tempting to speculate that the thick 
horny layer of the palmar skin conferred resistance 
which more than counteracted the sensitivity that 
was presumably associated with moistness. 

The importance of skin temperature per se cannot 
adequately be assessed at the present time but it 
also may play a role of some importance. In the case 
of extreme cooling, as in the ice-pack experiments 
described in Section 23.3, it is of importance if for no 
other reason than because it slows the rate of activa- 
tion of Hand reduces the fraction of penetrated H that 
is fixed in the skin. Within more moderate and usual 
ranges of temperatures, there is little effect of tem- 
perature on per cent of penetrated H that is fixed 
in the skin, but the penetration rate of liquid H in 
both man and animals is markedly affected by the 
temperature in the skin and/or at the skin surface 
(see Section 23.3.1). The extent to which this tem- 
perature dependence is mediated via an effect on 
skin moisture content is not known. Other, more 
direct effects (i.e., effect on rate of penetration inde- 
pendent of skin moisture) may be of equal or greater 
importance. 


23.8 PREVENTION AND MITIGATION 
OF CUTANEOUS INJURY 


A major incentive for many of the studies reviewed 
in the preceding sections was the hope that they 
would lead logically to successful methods for miti- 
eating cutaneous injuries due to the sulfur and nitro- 
ven mustards, particularly H. As has been stated, and 
in contrast with the outcome of studies on arsenicals 
(Chapters 7 and 31), no conspicuous success has been 
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achieved except in the development of protective 
clothing and ointments which act by preventing 
vesicants from reaching the skin and by destroying 
liquid vesicant on the skin surface. However, the 
mechanism studies together with numerous and ex- 
tensive investigations on decontamination and treat- 
ment of H burns have been of value in that they have 
exhausted many possible avenues of approach and 
have done much to define and clarify the problems 
that have not been solved. 

It is important to distinguish clearly between the 
various ways in which beneficial effects might be at- 
tained by procedures designed to combat vesicant in- 
jury. Considerable confusion existed during the early 
part of World War II. More recently, several useful 
definitions have been evolved 74:48:49 and should be 
presented at the outset: 

Protection. The beneficial effects exerted by cloth- 
ing, ointments, and other physical and/or chemical 
agents employed before exposure to a vesicant. A 
beneficial action can be effected by preventing a 
vesicant from reaching and entering the skin, or by 
prophylactic administration of substances designed 
to have the possible effects of agents used in early 
treatment. 

Decontamination. Any process by which vesicant 
already on the skin is removed and/or inactivated. 
Decontamination may be effected by mechanical 
means (e.g., blotting or wiping), by solvent or de- 
tergent action, or by chemical reaction of the vesicant 
with a decontaminating agent. Destruction within 
the skin of penetrated free vesicant not removed by 
surface decontamination is considered early treat- 
ment. 

Treatment. Something other than protection or de- 
contamination; something done to obtain a beneficial 
action after the vesicant has penetrated the surface 
of the skin. Treatment may be local, as discussed in 
this section, or general (see Chapter 22). It may be 
early (specific) or late (nonspecific, definitive). Karly 
treatment refers to the administration of substances 
to obtain therapeutic effects (1) by reaction in the 
tissues with free vesicant or its injurious products, 
(2) by removal of fixed vesicant from tissue com- 
ponents, or (3) by exerting an action on tissues which 
enables them to ward off or overcome the effects of a 
vesicant or its products. Thus, early treatment im- 
plies a procedure aimed specifically at inhibition of 
the action of the vesicant or its products, either by 
altering them in such a manner that they cannot in- 
jure the cells or by altering the cells in such a manner 
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that they protect themselves. Laie treatment refers 
to the use of substances and/or procedures to obtain 
beneficial effects on established lesions (e.g., by ac- 
celerating healing). 


23.8.1 Protection 


By far the most effective method of combatting the 
skin-injurant effects of H and the nitrogen mustards 
is to prevent the vesicant from reaching the skin. 
Work to achieve this end is reviewed elsewhere. In 
brief, impervious clothing affords excellent protection 
even against gross liquid contamination but imposes 
such severe limitations on the efficiency of the wearer 
that its practical use is restricted to special tasks.* 
Notable progress has been made during World War 
II in the development, evaluation, and production of 
permeable protective clothing. (See Chapters 5, 6, 
26-30.) Progress has also been made in the develop- 
ment of ointments which can be used for protective 
purposes (see Chapter 25).!°48 The difficulties im- 
posed by the irritancy of the earlier ointments have 
in large part been overcome. However, the prophy- 
lactic value of thin films of ointment against liquid 
H is small, and against H vapor it is limited by the 
tendency of the ointment to become rubbed or washed 
off the skin. 

Only limited attempts have been made to achieve 
protection by augmenting the resistance of the skin 
itself to penetration and injury or by prophylactic 
administration of materials designed to detoxify H 
and other related agents within the skin. At the 
present time these approaches appear to hold little 
promise. 

As described in Chapter 22, the systemic effects of 
H and nitrogen mustards entering the body through 
the skin can be alleviated to some extent by paren- 
teral administration, shortly before contamination, 
of relatively large amounts of certain substances with 
high competition factors (e.g., sodium thiosulfate, 
hexamethylenetetramine, or sodium monoethane- 
dithiophosphonate). However, this type of systemic 
prophylaxis has not been found to exert a beneficial 
action on the local skin lesions at the site of applica- 
tion of the vesicant.®™% It cannot be considered of 
practical value even as a means of protecting against 
systemic effects because of the limited degree of pro- 
tection attained, the large doses of protective agent 
required, and the brief period during which protec- 
tion is achieved (see Chapter 22). 

A few preliminary experiments have been per- 
formed to test the possible protective effects of 
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intradermal administration of various materials. In 
one investigation ? sodium chloride was used be- 
cause of the retarding action of chloride ion on the 
rate of activation of H (see Chapter 20), thiosulfate 
because of its high competition factor (see Chapters 
19 and 20), and leach "spreading factor" 15° because 
of its presumed facilitating action on the movement 
of these substances through the intercellular spaces. 
In rabbits, injection of 1.8 per cent sodium chloride, 
either with or without addition of spreading factor, 
shortly before application of 1 mg of H to the in- 
jected site had no effect on the severity of the lesion 
that developed. Injection of 5 per cent sodium thio- 
sulfate without added spreading factor had a slight 
beneficial effect, and with spreading factor a definite 
beneficial effect. Spreading factor alone was not 
tested. The favorable result obtained with thiosulfate 
seems to confirm the obvious prediction that bene- 
ficial results could be obtained 7f one could maintain 
in the skin sufficiently high concentrations of an 
innocuous substance which competes for or other- 
wise destroys or detoxifies H or the nitrogen 
mustards. 


23.8.2 Decontamination 


When a liquid sulfur or nitrogen mustard is placed 
on the skin, penetration and the initial apparently 
irreversible injury-producing steps occur rapidly (see 
Section 23.3). In the case of H, severe local injury can 
be avoided only if the liquid is effectively removed or 
destroyed within at most a few minutes. Inasmuch 
as penetration rate is augmented by increase of 
environmental and/or skin temperature (see Section 
23.3.1), the time factor is more critical at high than 
at low or moderate temperatures. The importance of 
these time and temperature factors is revealed by the 
data presented in Sections 23.3.1 and 23.3.2 and is 
further illustrated, for applications of small doses of 
H, by the data of Tables 19 and 20. Studies with 
animals have also been made.?*! 

Although small doses of liquid H disappear from 
the skin surface within a matter of minutes, large 
splashes may not completely disappear by evapora- 
tion and penetration in less than several hours (see 
Section 23.3.1). Delayed decontamination can be ex- 
pected to be of value so long as liquid is present. It 
cannot prevent a very severe local lesion, but it may 
reduce the size and depth of injury and it can elimi- 
nate the possibility of further spread of vapor and 
liquid to other parts of the body. 

Of the possible methods of effecting decontamina- 


TABLE 19. The time factor in decontamination of liquid H.?! 


The H was applied by No. 3 Edgewood rod (i.e., ¢a. 
32-ug dose) to the forearms of human subjects. The 
sites were decontaminated after the stated intervals by 
application of a chloramide-containing ointment. 7’ = 
66 F. 

Note that decontamination at 3 minutes was of marked 
value but, with the small dose of H employed, decon- 
tamination at 6 and 9 minutes was ineffective in spite of 
the relatively low environmental temperature. 


Interval between 


contamination 
and decon- Number | Erythemas Blisters 
tamination of Per Avg size- Per Avg size 
(min) men cent (mm) cent (mm) 
3 333 10 6 8 3 
6 32 100 6 8l 4 
9 38 98 6 82 4 
Untreated 
control 55 100 6 78 3 


TABLE 20. Effect of temperature on the effectiveness of 
decontamination of liquid H 10 minutes after its applica- 
tuons 

65-ug doses of liquid H. were applied to the forearms of 
human subjects. Ten minutes later decontamination was 
carried out with a chloramide-containing ointment. 








Untreated Decontami- 
Relative No. control nated 
Temp humidity of A Size % Size 


Month (F) (%) 


March 60 40 25 80 8 52 5 
65 41 20 90 5 50 5 
June 76 47 15 80 7 73 7 
80 61 62 98 6 90 6 


men blisters (mm) blisters (mm) 








tion, mechanical removal (e.g., by blotting or wiping) 
is to be recommended for the removal of the bulk of 
large splashes of vesicant. It is not, however, so ef- 
fective as other means of removing all the vesicant 
that is on or in the superficial layers of the skin ?! ?* 
(see also Table 21 and Section 23.3.1). 

For thorough surface decontamination of all liquid 
vesicant, use of solvents in large amounts and use of 
a, substance which reacts chemically with the vesicant 
to detoxify it are highly, and approximately equally, 
effective.?:2124 For experimental purposes it 1s often 
convenient to use a solvent (e.g., petroleum ether or 
pentane for H decontamination). The solvent must 
be used freely and with care, however, if the vesicant 
is not merely to be spread on the skin and the lesion 
consequently enlarged. For use in the field, chemical 
decontamination has several advantages 4 and 1s 
the method which has been adopted for standard use. 
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TABLE 21. Comparison of chemical and mechanical 
decontamination of liquid H.*! 
60-ug doses of liquid H were applied to the forearms of 
human subjects. Chemical decontamination was effected 
by use of a chloramide-containing ointment, mechanical 
decontamination by wiping with cleaning tissue. 


T = 60 F, relative humidity = 63% 


Interval 
between 
contamination 
and Method Blisters 
decontamination of Num- Avg size 
(min) decontamination ber (mm) 
1 Chemical 0/9 Sg 
Mechanical 3/9 Jj 
3 Chemical 3/10 5 
Mechanical 8/10 4 
5 Chemieal 4/10 5 
Mechanical 8/10 5 


Numerous substances of various types have been 
tested 7,9—11,20,21,25,34,400,43d ,e,£ ,0,p,44,60,64, 74a,97,99,113b,r,133 as 
chemical decontaminants ior H. They have included 
various oxidizing agents and substances that in 
aqueous solutions have high competition factors (see 
Chapters 19 and 20) for H. Some of them are as ef- 
fective as the chloramides described in Chapter 24. 
However, none has been found that is superior to 
these compounds or more convenient to use. 

The nitrogen mustards are not readilv oxidized by 
the chloramides that are currently in most common 
use as decontaminants for H. However, other 
chloramides which do effectively decontaminate the 
nitrogen mustards by chemical reaction have become 
available (see Chapters 6 and 24). Oxidizing agents 
such as potassium permanganate are also effective. 
For experimental purposes it 1s sometimes convenient 
to apply dilute acids. The relatively insoluble amines 
are then converted to their corresponding hydro- 
chlorides, which are highly soluble and can conven- 
iently be washed away. 

In the testing of chemical decontaminants it is 
important to use large amounts of vesicant.^ Small 
amounts may be so effectively diluted by the solvent 
or vehicle in which even an ineffective decontaminant 
is applied that no injury develops. When the same 
ineffective decontaminant is tested against a large 
dose of vesicant, the latter is merely spread and a 
severe, widespread lesion develops. This circumstance 
explains the finding that small doses of HN3 could 
effectively be decontaminated by M-5 ointment, the 
chloramide of which does not readily destroy HN3;7> 


the ointment base alone was as effective as the oint- 
ment containing the chloramide. 

In the case of exposures to vapor there is so little 
free vesicant on or in the superficial layers of the skin 
and accessible to "surface" decontaminants that 
decontamination can be of little value from the 
practical standpoint (see Section 23.3.2).10.4.74b A 
recently obtained set of data relating to this point 
is presented in Table 22. The data do not suffice to 


TABLE 22. Attempted decontamination of H vapor 
burns.!? 
Vapor cups were applied for 6 minutes and decontami- 
nation effected by application of a chloramide-containing 


ointment. 
T = 69 F, relative humidity = 18% 








Interval between 





contamination 
and Erythemas Blisters 
decontamination Avg size Avg size 
(min) Number (mm) Number (mm) 
0 13/13 9 3/13 5 
Untreated control 12/13 9 3/13 8 
5 15/15 8 1/15 3 
Untreated control 15715 9 3/15 6 





differentiate between the possibilities that decon- 
tamination was of no value or of slight value. Ex- 
periments indicating that surface decontamination 
can be of slight value are presented in Section 23.3.2. 


23.8.3 Early Treatment 


No agent or procedure of significant value in the 
early treatment of H or nitrogen mustard burns of 
human skin has yet been discovered in spite of ex- 
tensive researches.7.9—711,21,22,25,38a,b,c,g,I3b,l,r Tt. wil] be 
apparent that the value of a procedure for early 
treatment can be properly assessed only when the 
possibility is obviated that it merely effects surface 
decontamination. Thus, in case of liquid burns, 
surface decontamination must first be performed or 
the treatment delayed until all the applied agent has 
either evaporated or penetrated the skin. It would 
seem that vapor burns might more conveniently be 
used in the evaluation of early treatments. 

The amount of free H that is not removed from 
human skin by surface decontamination is so small 
and its persistence time so short that treatments 
based on its destruction in the skin cannot be ex- 
pected to be of significant value (see Section 23.3.2). 
For instance, 2 minutes after surface decontamina- 
tion of human skin contaminated with liquid H there 
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is in the skin only in the order of 1 ug of free H per 
square centimeter. If 12 per cent of this (1.e., 0.12 
ug/cm?) were to become fixed,” it would correspond 
to only the threshold value for mildest injury, or to 
the amount fixed per minute of exposure to liquid H 
at an environmental temperature of ca. 75 F.” In pig 
and rabbit skin the reservoir of free H is larger and 
it persists longer (see Section 23.3.2). Thus in these 
species early treatment based on its removal or in- 
activation might be of greater value. This difference 
between human and animal skin must be borne in 
mind when treatment procedures are tested in 
animals. 

It is not known to what extent “surface” decon- 
tamination removes liquid vesicant that has pene- 
trated into the superficial layers of the skin. Some 
studies suggest that diffusion in and out of the more 
superficial (dead) layers is relatively free but that a 
barrier to the passage of solutes exists at the transi- 
tional layers between cornified and noncornified 
epithelium.’ Histochemical evidence has been ad- 
duced that the chloramides of antigas ointments 
penetrate into the skin but no detectable amounts of 
available ("free") chlorine could be found in skin 
inuncted with these ointments.!?? [t has been demon- 
strated that various substances penetrate the skin 
more effectively from mixtures of ethyleneglycol- 
monoethylether (Cellosolve) with diethyl ether than 
from aqueous solutions.” Thus the use of carriers to 
promote the penetration of therapeutic agents might 
prove to be of value. 

There is no evidence that any of the many tested 
procedures of treatment effectively remove fixed H 
from tissue components in living skin in the manner 
that BAL removes trivalent arsenic. The one ap- 
parent exception to this statement was discussed in 
Section 23.3.3. The bulk of the chemical evidence 
(see Chapters 19 and 21) gives little hope that re- 
moval can be effected by procedures which in them- 
selves would not be highly injurious, although some 
leads which may merit further investigation have 
become available.!.'j:+4 It has often been assumed 
on the basis of analogy with the effects of BAL in 
arsenical poisoning that the problem of combatting 
H injuries would in large part be solved zf one could 
discover a procedure which removes fixed H from the 
skin and which is not in itself injurious. This would not 
necessarily be the case. Unlike the arsenicals, H re- 
acts not only with sulfhydryl groups but also with 
various other side-chain groups in tissues (see Chap- 
ters 19 and 21). One cannot be assured in advance 


that the skin proteins would be regenerated in native 
form upon removal of the fixed H, or that the cell 
machinery would not be permanently disrupted as 
a consequence of even brief combination of some of 
these groups with the vesicant. 

Nor do there appear to be favorable clues suggest- 
ing a method of treatment based on exerting an 
action on tissues which would enable them to ward 
off or overcome the effects of H or its products. 

A report !?^ that vesication may be prevented by 
prompt and prolonged applications of BAL to skin 
that has been burned with H led to some hope that a 
useful procedure for treating H injuries had been 
found. Although the finding has been amply con- 
firmed;?5.5*.! it is not believed to offer a procedure 
of practical value.?5 Vesication is prevented not be- 
cause injury is reversed or lessened but because the 
character of the pathological response is altered. Al- 
though BAL appears to reverse the inhibition of 
anaerobic glycolysis produced by application of H to 
skin,*** the action of BAL on vesication is not specific 
for H. It also inhibits the formation of blisters due to 
cold;?* although not the more rapidly forming ones 
due to heat or tincture of cantharides.2?3:432 

Caustics (e.g., trichloroacetic acid) can also be 
used to prevent vesication due to H, HN2, HN3, or L. 
They, too, act not by alleviating injury but by adding 
insult to injury and thereby altering the gross mani- 
festations of injury.?5e.?3 

The circulation in H lesions is active for many 
hours after erythema has appeared and the capillary 
walls are abnormally permeable, permitting even 
large molecules to accumulate in the tissue spaces of 
the skin. Consequently, if a substance of value in 
early or late treatment could be discovered, the con- 
ditions for its administration via the blood stream 
would appear to be favorable.?7 


23.8.4 Late Treatment 


The treatment of definitive (established) vesicant 
injuries falls outside the scope of this chapter. In 
brief, it seems to present no fundamental features not 
encountered in other kinds of burns. Some treat- 
ments are more favorable than others but no means 
of markedly accelerating the healing rate have been 
discovered, 40.42 ,i m o,v ,2,58,62,73d z,90,94,101,118,124,137 except 
that, as in thermal burns,*^.$bb5.d4.ff,zz.hh promotion 
of slough removal by prolonged applications of weak 
acids (i.e., pyruvic acid) in starch paste or other 
vehicles 43r ,t,u,w,X,y ,Z,aa,cc,ee,ff ,62,73f appears to be ot 
some value. 
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Methods of Evaluating Procedures 
for Protection, Decontamination, 
and ‘Treatment 
Experience that has been gained during World 
War II has been summarized in detail in a report 4 
that should be consulted in the original if further 


23.9.5 


studies on the decontamination and treatment of 
skin exposed to sulfur or nitrogen mustards should 
be contemplated. The methods that have been de- 
veloped for evaluating ointments designed for pro- 
tection and decontamination have also been authori- 
tatively reviewed.*5:4? 
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Chapter 24 


CHLORAMIDES FOR PROTECTION AGAINST VESICANTS 
By Homer Adkins and Wilkins Reeve 


INTRODUCTION 


OMPOUNDS CARRYING a positive chlorine atom on 
(C nitrogen have proved to be the most effective 
agents for detoxifying the vapors of H [bts(8-chloro- 
ethyl) sulfide] impinging on skin or fabrics.” A 
great many representatives of this type have been 
prepared in searching for the most satisfactory com- 


pound to meet a variety of requirements.5:17,28,29,31, 
34,35 


24.1 


First, the low concentration of the chloramide on 
the skin or in clothing must react very rapidly on 
contact with H vapor at very low concentrations of a 
few micrograms per liter.'?.7 Second, the compound 
and its hydrolysis and reaction products must be of 
such physical and chemical characteristics as will 
permit it to retain its capacity for reacting with H 
for long periods of time after it has been impreg- 
nated into clothing. Third, the compound must be 
stable in storage, and also when impregnated in 
fabries or incorporated in an ointment. Fourth, a 
chloramide for use on clothing should not be reactive 
toward fabries of cotton, wool, or synthetic fiber, and 
so reduce their tensile strength under the various 
conditions of temperature, humidity, perspiration, 
dirt, and laundering to which fabries are normally 
subjected. Fifth, the compound should be as little 
irritating as possible to human skin, since it may be 
worn for days in the case of an ointment, and for 
weeks and months in the case of impregnated 
clothing. 

In addition to these various requirements with re- 
spect to use, no compound can be considered unless 
it can be produced from available materials by a 
practical and economic process suitable for large- 
scale operation. Even for use in an ointment, it was 
considered necessary to make provision for the pro- 
duction of millions of pounds of material. For reasons 
of economy in production and transport, it is desir- 
able that the concentration of the effective part of 
the compound, i.e., the positive chlorine, constitute 
as large a portion as possible of the total weight ot 
the compound. 

No known compound completely and satisfactorily 
meets all of the requirements enumerated above. 
However, CC-2 for clothing and 8-330 for protective 





ointments appear at this time to be, by all odds, the 
best and most useful compounds for protection 
against H. CC-2 has the disadvantage that only 
14.5 per cent of the total weight of the pure com- 
pound is effective for the detoxification of H. The 
process for producing it is relatively expensive, and 
the requirements in material and equipment are 
rather heavy. Nevertheless, its high and sustained 
activity against H, its relative nonirritancy, and its 
relative inactivity against fabrics make it the most 
satisfactory known impregnite for clothing.” 
S-330 carries more than twice as much active 
chlorine per unit weight as does CC-2, and it 1s ob- 
tainable by a somewhat simpler and more economic 
process from the standpoint of both materials and 
equipment.!?:? Tt is less irritating to human skin than 
is CC-2,? and, without the addition of stabilizers, 1t 


produces less tendering of a fabric than does CC-2.*7 


However, 8-330 apparently does not retain its activ- 
ity toward H when impregnated on a fabric, so that 
it is unsatisfactory for use in protective clothing. 

CC-2 and 8-330 react more sluggishly with the 
nitrogen mustards than with H, with the result that 
their usefulness in protecting against these agents 1s 
limited. Certain compounds are known and are re- 
ferred to below, which are effective against the nitro- 
gen mustards, as well as against H. However, these 
more reactive compounds are much more irritating 
to the human skin than are CC-2 or 8-330, and so 
cannot long be tolerated in an ointment or in 
clothing. 

Perhaps little need be added to these statements 
regarding the merits of CC-2, 8-330, and the other 
known chloramides. However, the following sections 
summarize the changing conditions and new discov- 
eries which have, during the period of the recent war, 
brought about changes in the requirements and avail- 
ability of chloramides. 


24.2 DEVELOPMENT AND COMPARISON 
OF CHLORAMIDES 


The situation in 1941 and in 1942 was critical with 
respect to availability of impregnites for protective 
clothing. The British had determined to use Impreg- 
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nite E;?? but this compound was not considered satis- 
factory by the United States Chemical Warfare 
Service [CWS] representatives. All later work has 
shown that Impregnite E is inferior in every way to 
CC-2,?°! which was discovered and developed at 
Edgewood Arsenal. However, the situation in regard 
to the production of adequate quantities of CC-2 was 
quite unsatisfactory until 1943.*° CC-2 was produced 
in a small plant in Edgewood Arsenal by a process 
which gave a product of variable quality. In fact, 
when the material manufactured by the diphenylurea 
(DPU) process at Edgewood was sold to the Navy, 
it was the cause of excessive deterioration of fabrics, 
and gave it in 1942 an undeservedly bad reputation, 
especially with the representatives of the Navy. 

The newer trichloroaniline (TCA) process for mak- 
ing CC-2 *° had not been adequately developed in the 
laboratory before it was necessary to put it into pro- 
duction on a large scale. When the CWS plants were 
put into operation, the production of the material 
was far below the requirements and the rated ca- 
pacities of the four plants. Attempts to increase pro- 
duction naturally resulted in a decrease in quality of 
material, so that some of the CC-2 produced by the 
TCA process in 1942 was no better than that pro- 
duced by the older DPU process. 

The process for producing CC-2 is singularly un- 
attractive because of the materials required, and be- 
cause of the corrosive character of the various re- 
action mixtures and by-products.” Only one-eighth 
of the chlorine used in the manufacture — even if the 
yields were 100 per cent — would occur in the prod- 
uct in a form which is active against H. A very large 
amount of acetic acid 1s required as a solvent, and, 
during 1942, about 4 pounds were lost per pound of 
CC-2 produced. Great diffieulty was encountered 
because of the corrosion caused by mixtures of hydro- 
gen chloride and acetic acid, so that the construction 
and maintenance costs in the plants were excessive. 
Moreover, the amount of acetic acid necessary for 
the production of the required CC-2 was apparently 
in excess of that available in this country. Benzene is 
a necessary starting material for CC-2, and this was 
also in short supply in this country in 1942. For these 
various reasons, it seemed incumbent upon repre- 
sentatives of NDRC to attempt to develop economi- 
cal processes for producing a fabric impregnite not 
possessing these disadvantages of production. 

The surveys made in the Naval Research Labora- 
tory * and elsewhere ë had uncovered nothing so at- 
tractive as S-461 or 8-328 as possible impregnites. 


CHLORAMIDES FOR PROTECTION AGAINST VESICANTS 


The representatives of CWS, in the summer of 1942, 
were much more favorably inclined towards S-328 
than towards S-461, because the former is somewhat 
soluble in tetrachloroethane and so could be used in 
the CWS solvent process for impregnation of fabrics. 
5-328 requires toluene as a starting material, which 
is converted successively to benzaldehyde, benzoin, 
benzil, diphenylglycoluril, and then chlorinated to 
5-328. Thus, 8-328 suffers one of the disadvantages 
of CC-2, i.e., it depends upon the availability of an 
aromatie hydrocarbon. However, because of the in- 
terest of representatives of CWS, and in order to 
provide insurance against possible failure in the de- 
velopment of 8-461, the process for producing 8-328 
was worked out on a pilot-plant scale.!5.24 

On the basis of work at the Naval Research Lab- 
oratory, 8-461 was believed to be non-irritating and 
quite reactive with H.?* It is more stable towards 
hydrolysis and thermal decomposition than is CC-2 
or any other compound reactive with H.* However, 
once thermal decomposition is under way, it is self- 
propagating. One pound of 8-461 contains as much 
positive chlorine as 3 pounds of CC-2. 

8-461 can be produced in almost quantitative yield 
from diacetyl, which was an attractive intermediate. 
The representatives of the Naval Research Labora- 
tory had, during the early part of 1942, stimulated a 
great deal of interest in various companies in the 
preparation of diacetyl. Therefore, S-461 was pre- 
pared from diacetyl, so that a pilot plant process 
would be available if, as seemed from time to time 
possible, diacetyl could be produced by fermenta- 
tion. Unfortunately, diacetyl has never become avail- 
able through fermentation, although it no doubt 
could be produced by fermentation of sugar to 2,3- 
butylene glycol, followed by oxidation. 

Since there was, in the opinion of the representa- 
tives of the National Defense Research Committee 
[| NDRC], little likelihood that diacetyl would be- 
come available, it appeared necessary to obtain 
S-461 from some other material. Studies were under- 
taken in December 1941 to develop a process for pre- 
paring S-461 base by the nitrosation of methyl ethyl 
ketone followed by reaction with urea. This develop- 
ment led to a satisfactory process for producing 
S-461,34:10.11,16 which was used on a manufacturing 
scale. Still later, a more economical process was 
worked out in which methyl ethyl ketone is oxidized 
with air over a catalyst to give a dilute solution of 
diacetyl, from which 8-461 base is prepared by re- 
action with urea.'* This process makes 8-461 poten- 
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tially available at a cost of about one-tenth that of 
CC-2, the comparison being made on the basis of 
equivalent amounts of chlorine active against H. 
The chlorination of S-461 base to S-461 is carried out 
in a slightly alkaline medium, so that there 1s no 
difficulty with corrosion. 

The chief disadvantage of S-461 as an impregnite, 
as the matter was understood in 1942, was its ten- 
dency to lower the tensile strength of fabrics which 
were impregnated with it and then stored under 
simulated tropical conditions. It was felt that the 
original objection, that S-461 could not be used in 
the solvent process because of its insolubility, had 
disappeared with the development of the aqueous 
process for impregnation (see Chapter 26), and, in 
fact, S-461 as produced commercially was more 
simply utilized in the aqueous process than was 
CC-2. Subsequent work showed that fabrics im- 
pregnated with S-461 and a suitable stabilizer were 
not greatly inferior in storage stability to those 1m- 
pregnated with CC-2 and the preferred stabilizers. 
All the tests then available indicated that 5-461 and 
CC-2 were approximately equivalent with respect to 
effectiveness against H, except that S-461 had the 
advantage that, because of its higher content of 
active chlorine per unit weight, fabrics could be im- 
pregnated to a much higher level of active chlorine 
per unit area, thus providing a greater capacity for 
detoxifying H.!.:4 This was considered to be particu- 
larly important in connection with protection against 
liquid H spray. 

S-328 proved to be quite unsatisfactory as an 1m- 
pregnite; although the agent was active against H 
in freshly impregnated fabrics, its reactivity in some 
instances decreased greatly on storage; ê thus, fab- 
rics which showed a fairly high concentration of 
chlorine per unit area offered very poor protection 
against H as judged by laboratory tests. S-461 also 
had a disadvantage in that a rather vigorous thermal 
decomposition occurred in the solid material if 1t was 
once initiated by sparks or a temperature of the order 
of 200 C.19.24 Later work in 1943 showed that fabrics 
impregnated with S-461 were significantly more irri- 
tating than those impregnated with a good grade 
of CC-2.* 

Two other compounds, S-210 and 8-330, were given 
serious consideration as impregnites for protection 
against H.” Both the Army and the Navy procured 
in large quantities a decontaminant (RH-195), re- 
active with H, which cannot be used as an impreg- 
nite. However, the closely related compound, 5-210, 
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made from the same materials used in making 
RH-195 with the addition of formaldehyde, was 
considered to be an attractive possibility as an 1m- 
pregnite. It now appears that this compound 1s some- 
what like S-328, in that the agent does not retain its 
activity toward H under all conditions.*? ^" 

The investigators at the Naval Research Labora- 
tory were greatly interested in utilizing 5-330 as an 
impregnite. S-330 was first prepared at the Naval 
Research Laboratory by a process similar to that 
used for 8-328, except that guanidine carbonate was 
used instead of urea for condensation with benzil. 
Its preparation and use were not desirable for several 
reasons: Neither benzil nor guanidine carbonate were 
available in any considerable quantity. Second, the 
process for producing the compound was a rather 
laborious one; the product was obtained in low yield 
and a practical method for separation of the prod- 
ucts of the condensation was not known. A sample of 
S-330 produced by a commercial concern at the re- 
quest of the Naval Research Laboratory, late in 
1942, was quite unsatisfactory with respect to homo- 
geneity and stability. The material available at the 
end of 1942 was of such poor quality that its use 
could not be seriously considered. However, small 
quantities of pure material became available early 
in 1943 as the result of work done under NDRC 
contracts 174 and also from the Naval Research 
Laboratory. 

During the first eight months of 1943, fairly satis- 
factory processes for producing and isolating pure 
3-330 were developed by the Naval Research Labo- 
ratory and NDRC, and steps were immediately 
taken, under the auspices of NDRC, to carry the 
process for producing S-330 through pilot plant de- 
velopment. The process developed at the Naval Re- 
search Laboratory for the preparation of S-330, uti- 
lizing benzil and guanidine carbonate, was taken over 
under an NDRC contract, and, with improvement 
and simplification, has become the process by which 
about 2 million pounds of S-330 has been produced 
under an Army procurement contract for incorpora- 
tion into the protective ointment M-5. Another and 
apparently more economical process for producing 
S-330 has been developed, utilizing guanidine nitrate 
instead of guanidine carbonate." 

Thus, prior to the fall of 1943, 5-330 could not be 
seriously considered as an impregnite because of its 
unavailability, and by that time it had been estab- 
lished that 8-330 was somewhat like S-328 in that it 
did not, under all conditions, retain its activity 
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toward H after impregnation on cloth. The advan- 
tage of 5-330 as an impregnite depended on the fact 
that it brings about less tendering of the fabric than 
any other known chloramide. However, CC-2 im- 
pregnated fabric containing zinc oxide or calcium 
carbonate as a stabilizer has no greater ill effect upon 
the tensile strength of a garment during storage than 
does 8-330 impregnated without a stabilizer. How- 
ever, 5-330 with a stabilizer has probably less effect 
during storage on the tensile strength of herringbone 
twill than any known chloramide. Of all known com- 
pounds active towards H, 8-330 in an ointment is 
unquestionably the least irritating to the skin. (See 
Chapter 25.) 

The ineffectiveness of CC-2 toward the nitrogen 
mustards *.5 Jed to à search for a compound as ef- 
fective against the nitrogen mustards as is CC-2 
against H.!5?5 'The best compound now known for 
this use is S-436.!5 It is made by the chlorination of 
2-phenyl-4,6-diamino-1,3,5-triazine, which 1s ob- 
tained in high yield by the condensation of phenyl 
cyanide and cyanoguanidine. There are four active 
chlorines in the molecule of 8-436, which may be 


represented by the formula, 
NCl NCl 
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The compound is stable and melts without decompo- 
sition at about 138 C. The corresponding compound 
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with three chlorines is called 8-366; that with two is 
known as 8-277. The fourth chlorine in 8-436 is al- 
most as reactive toward the nitrogen mustards as is 
CC-2 towards H; the two chlorines in 8-277 are no 
more reactive than those in CC-2. The third chlorine 
in 5-366 is intermediate in its reactivity between the 
fourth chlorine inS-436 and the two chlorines of 8-277. 

5-436 1s sufficiently stable on a fabric to make it 
possible to use 1t in a field or helmet process. The irri- 
tancy caused by 8-436 on a fabric 1s apparently sim- 
ilar to that of S-461, so that it might be feasible to 
use it for protection against the nitrogen mustards. 
The protective value of S-436 impregnated in a 
fabric has not as yet been confirmed by tests in a 
toxic gas chamber. 

Improved processes for producing another chlor- 
amide, referred to by the Germans as Decontami- 
nant 40, 1.e., 

O. 6L :O OL 0 (I 
C—N—C—N—C—N 
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was developed.?? The new process for preparing De- 
contaminant 40 utilizes a new method for preparing 
cyanuric acid, through the reaction of ammonia and 
phosgene. The process is similar to that developed 
for the preparation of methyl isocyanate from 
methylamine and phosgene.?" Decontaminant 40, 
like 8-436, 1s quite stable and is very effective for 
decontamination, particularly for the nitrogen 
mustards. 
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PROTECTIVE OINTMENTS 
By Homer Adkins and Wilkins Reeve 


25.1 INTRODUCTION 


SATISFACTORY OINTMENT for protection against 

mustard gas (H) depends, first, upon obtaining 
a suitable active agent, and, second, upon devising a 
vehicle for applying and retaining the active agent 
on the surface of the skin. It is difficult to obtain 
a completely satisfactory nonirritating compound 
which will detoxify H instantly in low concentration 
and yet will not cause skin irritation under tropical 
conditions. The problem of obtaining the most suit- 
able active agents has been considered in Chapter 24. 
No other practical type of compound has as yet been 
found which is effective as a protective agent against 
H.2.4,5,8,9,11,14,27,29 The primary requisites of the active 
agent are that it be available in adequate quantities, 
that it be stable on storage in the vehicle and con- 
tainers selected, and that it not irritate the skin, even 
though it is applied repeatedly under tropical con- 
ditions over a period of many hours or several days. 
A study of a great many different chloramides has 
shown that the one made from benzil and guanidine, 
coded 8-330, is the most satisfactory agent from the 
standpoint of irritation and stability on storage.’ 
Experience has shown that it is procurable in almost 
any desired quantity at a reasonable cost. 

The primary requisite in a vehicle is that, in addi- 
tion to being nonirritating, it retain the active agent 
on the skin as long as possible. No vehicle so far ob- 
tained is completely satisfactory in giving long per- 
sistence of protection without interfering with the 
subject’s handling of tools and weapons. It appears, 
however, that at this time the protective ointment 
procured by the Army and Navy, and coded M-5 or 
S-330 protective ointment, is the most satisfactory. 
Thus the work on protective ointments 1s, 1n a cer- 
tain sense, summarized in the formula for M-5 dis- 
cussed below. 


25.2 DEVELOPMENT AND EVALUATION 
OF PROTECTIVE OINTMENTS 


Prior to December 1940, the Toxicological Re- 
search Laboratory of the Chemical Warfare Service 
[CWS] had developed at Edgewood Arsenal an oint- 
ment which they believed was satisfactory for pro- 


tection and decontamination against H.!!-14 The oint- 
ment, designated M-1 and containing 25 parts of 
dichloramine-T, 65 parts triacetin, and 10 parts 
cellulose acetate butyrate, was recommended for 
manufacture at that time. Since dichloramine-T was 
not immediately available, an ointment containing 
chloramine-T, designated M-2, and one containing 
dichloramine-B, designated M-3, were manufactured 
in small amounts. The designation of M-1 was then 
changed to M-4. The fact that M-4 was too irritant 
to be used as a protective ointment was officially 
admitted in the fall of 1942, and it was thereafter 
recommended for decontamination only." 

The British had found ointments containing chlor- 
amine-T or dichloramine-T too irritant for use as 
protective ointments. About the middle of 1941, they 
produced a protective ointment of the vanishing- 
cream type composed of 25 parts Impregnite I, 20 
parts diethyl phthalate, 10 parts hydrogenated 
whale oil, 4 parts sodium stearate, 2 parts potassium 
stearate, and 39 parts water.24?> This ointment 1s 
known as A.G. No. 5. Because of the unavailability 
of hydrogenated whale oil, another ointment, known 
as A.G. No. 6, was recommended for procurement in 
which hydrogenated peanut oil replaced the whale 
oil. Diffieulties were encountered in the manufacture 
of A.G. No. 6, so that it was not produced in any 
considerable amount. Neither A.G. No. 5 nor A.G. 
No. 6 was acceptable to United States Armed Serv- 
ices because of lack of stability from both the physi- 
cal and chemical standpoints, although they were 
recognized as being quite nonirritating, and as being 
quite satisfactory as a decontaminant for human 
skin, clothing, and weapons.! 

It was widely recognized in 1942 that the ointments 
available to the Armed Services were defective in 
certain fundamental respects. The M-4 ointment of 
the Army was irritating when applied to the skin and 
was unstable in storage. It appeared that no oint- 
ment containing dichloramine-T (the active agent 
in M-4) would be satisfactory, either with respect to 
effect on skin, or stability in storage. The agent in 
the British ointment was satisfactory from the stand- 
point of irritancy, but not from the standpoint of 
availability or acceptability to representatives of the 
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Armed Services. The water-oil emulsion used as the 
vehicle in the British ointment was unsatisfactory 
from the standpoint of stability on storage. It thus 
seemed necessary to select the most stable and least 
irritating potentially available chloramide, and to 
incorporate it into an anhydrous vehicle. 

The chemical and physical characteristics of S-461 
and 8-328 seemed to make them potentially valuable 
as ingredients for a protective ointment. These com- 
pounds had been prepared at the Naval Research 
Laboratory and found to be stable towards heat and 
water, and relatively nonirritating. The possibility of 
using these compounds in a protective ointment was 
called to the attention of representatives of the 
Chemical Warfare Service in November 1941. How- 
ever, a favorable response was not received, perhaps 
because at that time the representatives of the 
Chemical Warfare Service believed that the active 
agent in a protective ointment must be in solution 
and not merely dispersed. Neither S-461 nor S-328 
is sufficiently soluble in any suitable solvent to make 
it possible to secure an ointment similar to M-4 in 
which the active agent is in solution in triacetin. 

Ointments containing an insoluble chloramide in 
suspension in à nonaqueous medium had apparently 
not hitherto been prepared or evaluated. However, a 
practical solution of the problem of making up such 
an ointment was obtained in March 1942, within 
eight days after it was proposed by a representative 
of the Naval Research Laboratory. The ointment 
consisted of 8-461 (34 per cent) and magnesium stea- 
rate (14 per cent), dispersed in liquid triacetin (52 per 
cent). 5-461 was the least irritating available chlor- 
amide until S-330 was tested in August, 1943. The 
magnesium stearate was selected as the second solid 
component of the ointment, in order to make it more 
adherent to the skin and to facilitate spreading, and 
to give it better "cosmetic properties." The ointment 
so compounded was tested for stability in storage ! 
and for protection ?? and irritancy. It was adopted 
by the Navy in August 1942, and procured in Sep- 
tember 1942, and again in March 1943. For more 
than a year and a half the Navy S-461 ointment was 
the only protective ointment available, although 
procurement of many millions of tubes of M-4 oint- 
ment was continued by the Army until the fall of 
1943. 

Tests made on the Navy S-461 ointment during 
the last half of 1942 and the first half of 1943 showed 
that the ointment caused irritation in a considerable 
number of those who applied it, three to six times in 


PROTECTIVE 


OINTMENTS 


succession, during a 3-day period.*:?)%!6 During 
January, February, and March, 1943, the situation 
with regard to a protective ointment was considered 
by an impartial committee at the request of the 
CWS-NDRC Technical Committee.!? It was con- 
cluded that the S-461 Navy ointment, or a modi- 
fication carrying a lower concentration of the active 
agent, was the best protective ointment available at 
the time. This conclusion was shared by the repre- 
sentatives of the Canadian Army, who, upon the 
basis of the information available from United States, 
British, and Canadian sources, proceeded with the 
procurement of S-461 and the adoption of its use in a 
protective ointment having the same components as 
the ointment procured by the United States 
Navy.*° 

The difficulties in developing a protective oint- 
ment were due, in large part, to the lack of adequate 
means for testing an ointment for protective value 
under realistic conditions. The only method avail- 
able for testing the protective value of an ointment 
was the inadequate Edgewood cup method.’ Realistic 
and comparative tests had not been carried out to 
determine the irritancy caused by repeated applica- 
tion of a protective ointment. Beginning in the 
spring of 1943, routine testing for irritancy was car- 
ried out under a National Defense Research Com- 
mittee | NDRC | contract, and the leading candidates 
evaluated more thoroughly under various contracts 
with the Committee on Medical Research [CMR ].? 
The results obtained led to the discovery that 8-330 
was the least irritating of the known chloramides, 
with pure CC-2 and 8-461 being the second and third 
candidates, respectively. S-330 is also very stable 
when compounded into an ointment and stored for 
several months at 50 C. 

During the summer and fall of 1943, tests were 
carried on in toxic gas chambers at Edgewood Arse- 
nal and at the Naval Research Laboratory, whereby 
ointments could be given a more realistic evaluation 
as to their effectiveness for protection under condi- 
tions somewhat similar to those encountered in the 
field." 'These tests demonstrated what had already 
been suspected, that the vehicle in which the active 
agent was dispersed was of more importance in de- 
termining the persistence of protection than was the 
particular active agent, or the amount of it present 
in the ointment. Methods for the preparation of pure 
S-330 having been worked out during the first eight 
months of 1943, it became the active agent preferred 
for use in a protective ointment. Renewed attention 
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was then given to the question of the most suitable 
vehicle for 8-330. 

In order to secure a better adherence to the skin 
during exercise, it proved advantageous to incorpo- 
rate cellulose butyrate acetate into the ointment." 
The addition of titanium oxide was also found to be 
advantageous, because its use eliminated some of the 
difficulties incidental to the manufacture of an oint- 
ment containing cellulose acetate, and it also im- 
proved the spreading qualities. It seemed advisable 
to incorporate dyes into the ointment for the sake ot 
camouflage.® The formulation of the M-5 ointment 
adopted in December 1943 was 25 per cent 8-330, 
4 per cent cellulose acetate butyrate, 9 per cent ti- 
tanium dioxide, 9 per cent magnesium stearate, 52 
per cent triacetin, 0.8 per cent sulfanthrene brown 
G, and 0.2 per cent monastral fast green G. An oint- 
ment of approximately this composition appears to 
be the most satisfactory yet attained for protection 
against H and for decontamination of the skin.'**°: 
21,28,35,37,38 

If S-330 is not available, CC-2 of good quality is 
probably the preferred active agent for use in a pro- 
tective ointment.*:? The possibility of using CC-2 in 
an ointment was discarded by the representatives of 
CWS for reasons that now do not seem to be appli- 
cable. Until the middle of 1943, consideration could 
not be given to the use of CC-2 in a protective oint- 
ment, because of its unavailability for this purpose. 
The quality of CC-2 available in 1942 was such that 
it could not be seriously considered for use in an oint- 
ment, and the pure compound was not tested for irri- 
tancy in an ointment, in so far as is known, until the 
spring and summer of 1943. The representatives of 
NDRC were about to recommend the use of CC-2 in 
a protective ointment when the processes for pro- 
ducing S-330 and the fact of its nonirritancy were 
established in August 1943. The physical properties 
of CC-2 are not so satisfactory as either $-461 or 
8-330, from the standpoint of fabricating an oint- 
ment, and its low content of active chlorine makes it 
impossible to produce an ointment having more than 
about 4.5 per cent active chlorine. 

Extensive searches have been made to find agents 
other than chloramides which will be effective in an 
ointment in protecting against H or other vesi- 
cants.2—>8,9.11,14,27.29 These searches have been carried 
on in England, and in several laboratories in this 
country under the auspices of NDRC, CMR, CWS, 
and the Naval Research Laboratory. The justifica- 
tion for this extensive search lay in the fact that, by 


their very nature, all chloramides are likely to be 
somewhat irritating when applied continuously or 
repeatedly to human skin. No compound other than 
a chloramide has been found which was sufficiently 
effective against H to justify its use. 

An interesting outcome of attempts to improve the 
available ointments was the formulation of a pro- 
tective ointment, similar to M-5, in which dimethyl 
phthalate replaced triacetin as the liquid vehicle. 
This ointment is apparently similar to M-5 in stabil- 
ity, lack of irritancy, and effectiveness of protection 
against H; in addition, it has the advantage of re- 
pelling mosquitoes for a period as long as 8 hours 
after the application of the ointment.?*)” 

Protective powders containing a chloramide were 
reported to be more satisfactory in the tropics, be- 
cause of the lower irritancy, than were protective 
ointments. Powders containing S-461, having excel- 
lent characteristics with respect to covering and ad- 
hering to the skin, were prepared.' The powders were 
not irritating to the skin; however, they did not offer 
much protection as judged by the Edgewood cup 
method.* Powders containing a chloramide have not 
been evaluated for protection in a toxic chamber. 


PROBABLE USEFULNESS OF 
PROTECTIVE OINTMENTS 
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The chloramide in a protective ointment reacts 
with H in such a way that one to three "active" 
chlorines are required to detoxify one molecule of H. 
In an ointment, the small amount of active agent that 
can be spread upon the skin has a rather negligible 
capacity for destroying droplets of liquid H. How- 
ever, a film of a good ointment probably contains 
sufficient active chlorine to detoxify all of the H 
molecules impinging upon the surface during ex- 
posure of a few hours to concentrations of H vapor 
of the order of 20-30 yg of H per liter of air. Sufficient 
active chlorine for protection will remain upon the 
skin for a few hours, provided the ointment is applied 
to a relatively flat surface, such as on the inside of 
the forearm, and provided that the subject does not 
perspire too freely or that the ointment is not rubbed 
off by clothing or otherwise. Even under optimum 
conditions, a protective ointment can only be ex- 
pected to reduce casualties and cannot long offer com- 
plete protection to the hands, neck, and face of men 
in combat. 

There are considerable differences among dichlor- 
amine-T, CC-2, S-328, S-461, and 8-330 as to the 
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length of the period during which the agent remains 
on the skin. The insoluble stable compounds, such as 
S-328, S-461, and 8-330, apparently remain on the 
skin longer than does dichloramine-T. CC-2 suffers 
under the disadvantage, as compared with 8-328, 
S-461, and 8-330, of low content of active chlorine 
and sensitivity to light, so that some decomposition 
of the compound occurs in sunlight." However, the 
persistence of protection of an ointment containing 
the more stable chloramides is in large part deter- 
mined by the vehicle into which the ointment is in- 
corporated.!7 

The duration of protection by an ointment is de- 
termined in large part by the exertions made by the 
subject during the period of his wearing the oint- 
ment; thus, the more vigorously the subject exer- 
cises, the more quickly will the protection be lost, 
especially on those portions of hands, jaw, and neck 
where there are sharp angles and creases in the sur- 
face of the skin.!/^?* Exercise and high temperature 
also increase the amount and extent of irritation 
caused by the use of a protective ointment.’ In view 
of these variations, it is impossible to give any defini- 
tive picture of the amount of protection offered by a 
protective ointment, or of the extent of irritation on 
repeated application. The numerous reports listed in 
the Bibliography should be consulted if detailed in- 
formation is desired as to the effectiveness and liabil- 
ities incidental to the use of representative protective 
ointments. 

The following statements give a fair indication of 
the characteristics of the M-5 ointment containing 
5-330. An ointment containing S-330 may be applied 
3 times a day for 3 successive days to the most sensi- 
tive areas of skin without significant irritation, if the 
men are exposed to temperatures which do not exceed 
90 F at relative humidities not averaging above per- 
haps 70 per cent. Tests carried out in this country, as 
well as in Australia,?°:?! 3456 indicate that under these 
conditions almost none of the men wearing the oint- 
ment show any irritation. As the conditions more 
closely approach those of the tropics, the extent of 
irritation increases.!?9438 However, it has been con- 
cluded, as the result of tests carried out in Panama 
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under rather severe conditions, that the M-5 oint- 
ment does not give too great an irritation to prohibit 
its use even in the tropics.? During 3 days of con- 
tinuous wear in maneuvers in the jungle, the ma- 
jority of soldiers were somewhat irritated. The irri- 
tation caused by M-5 is perhaps somewhat greater 
than when 8-330 is used in the simpler vehicle of the 
S-461 Navy ointment. 

It has been reported that, on the basis of the cham- 
ber tests at Edgewood Arsenal, men are protected 
for 1-2 hours against exposure to a concentration of 
H of around 30 ug/l of air, at a temperature of 90 F 
and 80 per cent relative humidity. One hour’s ex- 
posure to a concentration of 30 ug/l corresponds to a 
vapor dosage (Ct) of 1,800 mg min/m?, 1.e., 60 X 30.!5 

In chamber tests in Australia, the subjects after 
applying the ointment were exercised for different 
periods of time before being subjected to the cham- 
ber tests under temperature and humidity conditions | 
similar to those employed at Edgewood Arsenal. All 
subjects were exposed to an H vapor dosage of 
1,000 mg min/m? and the relative protection pro- 
vided by the ointments noted. It was found that the 
S-461 and 8-330 ointments were markedly superior 
to the A.G. No. 5 ointment in having a much greater 
persistency of protection, that is, those subjects who 
exercised 1 or 2 hours before entering the chamber 
were still moderately well protected by these oint- 
ments, whereas the A.G. No. 5 ointment was practi- 
cally valueless.**:*4 

No known protective ointment will give complete 
protection without irritation to any subject, but the 
M-5 ointment should materially reduce casualties in 
case men encounter H vapor in the field. It is the 
least irritating ointment on repeated application, 
with the possible exception of the British A.G. No. 5, 
although the latter may cause cyanosis.?5?? The 
greater stability of M-5 on storage and the much 
greater persistence of protection as compared with 
A.G. No. 5 make it the best protective ointment so 
far produced.?*?5 M-5 ointment is also a good decon- 
taminant for skin,?:5 clothing, and weapons, and may 
be used in rendering clothing protective against H 
in ease of emergency. 


Chapter 26 


CHLORAMIDE-IMPREGNATED TYPE OF PROTECTIVE CLOTHING 
By Homer Adkins and Wilkins Reeve 


26.1 INTRODUCTION 


ITH THE OUTBREAK Of war in 1941, the Armed 

Services faced critical problems in connection 
with the provision of gas-protective clothing for the 
enormous Army and Navy organizations planned. 
Peacetime research by the Chemical Warfare Service 
| CWS] had provided a chemical impregnation sys- 
tem for air-pervious clothing which made such cloth- 
ing protective against mustard gas (H).* However, 
the unprecedented demands of global warfare, with 
respect to conditions of storage, use, and volume of 
clothing, necessitated radical modifications in both 
formulation and process. 

The 1941 impregnating process was based on Im- 
pregnite CC-2, a chloramide containing available 
chlorine which reacts with H and thus protects 
against it. The clothing, including herringbone twill 
coveralls, OD wool uniforms, underwear, and acces- 
sories, was impregnated with a solution of CC-2 in 
hot tetrachloroethane (TCE) containing chloro- 
paraffin (CP). The tetrachloroethane solvent was 
then evaporated, leaving the CC-2 bonded to the 
fabrie by the viscous chloroparaffin. This "solution 
process" was operated in machine impregnating 
plants specially constructed to resist corrosion and 
provide for solvent recovery.*® The clothing was 
baled for storage until needed. 

Serious difficulties faced in early 1942 included the 
very limited life of baled impregnated clothing stored 
under tropical conditions, unavoidable and danger- 
ous delays in procuring enough of the complex solu- 
tion-impregnating plants for global use, inadequate 
supplies of TCE, the necessity for transporting very 
large amounts of TCE, and hazard to operating per- 
sonnel from toxic TCE vapors.” 

The initial problem of preventing destruction of 
clothing impregnated with CC-2 was referred to the 
National Defense Research Committee [NDRC ] by 
the Naval Research Laboratory | NRL | in February 
1942. This problem was then assigned by NDRC to 
a research group. Contacts with activities of the 
Chemical Warfare Service were set up within a few 
weeks. Following the development of leads on the 
original problem, a second major objective was 1n- 








troduced, the development of an aqueous impregna- 
tion process. New problems subsidiary to this ob- 
jective later became major research objectives in 
themselves. Meanwhile, the need for portable hand 
impregnating units was recognized and set up as an 
additional objective under the project. Throughout 
this work, NDRC and other Government agencies 
continued their efforts to make basic Improvements 
in protective systems, including evaluation of newly 
synthesized impregnites, study of the intrinsic sta- 
bility of fabrics, and development of superior binders 
and dispersing agents. 

General programs involving the NDRC research 
group were planned in collaboration with the Tech- 
nical Division of the Chemical Warfare Service at 
Edgewood Arsenal and the Naval Research Labora- 
tory at Washington. The NDRC research was accom- 
panied by development work at NRL and at Edge- 
wood, some directly related to the NDRC program 
and some independent of it. Plant trials of new or 
modified processes derived from the NDRC research. 
program were ordinarily conducted jointly by the 
Service and NDRC personnel, with the latter in the 
capacity of advisers and observers. Practical tests of a 
research character, such as troop wearing and hand 
impregnation trials, were planned jointly, adminis- 
tered by the Services, and usually observed by 
NDRC personnel. All gas chamber tests were Service- 
conducted. The engineering of standardized field 
impregnation plants and sets was handled by the 
Service organizations. In addition, representatives 
of the Quartermaster Corps were active in joint eval- 
uation work on fabric quality. The probable pro- 
tective values of fabrics were determined by labora- 
tory methods by NDRC contractors, as well as at 
Edgewood Arsenal and the Naval Research Labora- 
tory. Representatives of the U. S. Food and. Drug 
Administration assisted in planning and in analyzing 
the results of wearing tests. 

The problem of impregnating fabries with CC-2 1s 
rather complex since it involves applying a highly 
reactive chemical to fabric of uncertain chemical his- 
tory and reactivity, and subsequently maintaining 
both the strength of the fabric and the activity of the 
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impregnite through long periods of storage and wear- 
ing service under adverse conditions. The circum- 
stances required an impregnation process permitting 
immediate procurement of equipment and a reduc- 
tion of supply transport to a minimum, and simple 
enough for field operation. The need was urgent, as 
adequate preparations for the protection of 8-9 mil- 
lion men required both impregnation of clothing for 
storage, and procurement of equipment for use in 
the Theaters of Operations (T of O) and in the actual 
combat zones. 

The general object was to apply impregnite equiv- 
alent to 0.5 mg of available chlorine per square centi- 
meter of fabric by the simplest possible procedure, 
in a formulation which would insure a useful life for 
both fabric and impregnite in storage and in use. 

The major achievement in the project on the chlor- 
amide type of protective clothing has been the de- 
velopment and improvement of a process in which 
water replaces the organic solvent formerly required. 
The solution of this problem obviated the necessity 
for the procurement and transport of large quantities 
of tetrachloroethane, a result which was of particular 
importance in the T of O plants. The successful solu- 
tion of the problem led to the development of easily 
transported hand impregnation sets for use by troops 
in the field. The field process has made protective 
clothing available for use by troops in combat areas, 
or in areas so isolated as to make impractical a sup- 
ply of impregnated clothing from the T of O plants. 
The necessity for frequent reimpregnation in hot 
humid weather makes the field process for impregna- 
tion particularly useful in tropical climates.?? 

Numerous corollary problems have been studied, 
and, in most instances, a practical solution obtained, 
e.g., grinding CC-2 to a fine particle size to permit 
stable suspensions and efficient reaction with H 
vapor; ê discovery of dispersing agents resistant to 
the chemically reactive CC-2 and yet effective in 
emulsifying chlorinated paraffin and deflocculating 
CC-2 in all types of water; *°® elimination, for 
camouflage purposes, of the surface-whitening of 
fabrics caused by the aqueous dispersions;  tender- 
ing of cellulosic shipping containers by the finely 
divided CC-2 in powder form; * thermal sensitivity 
of powdered CC-2; ? laundryfastness of impregnated 
fabrics; 197 methods for rapidly evaluating in the 
laboratory the characteristics of an impregnated 
fabric, which manifest themselves during storage and 
wear of garments under realistic conditions; !?.4 
skin irritation accentuated by impregnated fabrics 
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and improving the comfort of impregnated gar- 
ments; 7° build-up of impregnation components on 
clothing during several periods of use and reimpreg- 
nation; !??? and stiffening of clothing by impreg- 
nation. 

Attention has also been given to alternative im- 
pregnites,”* > with some attention to those that 
might be effective against the nitrogen mustards, as 
well as against H. The effect of the processing of 
textiles, prior to impregnation, upon the life of the 
impregnite and the impregnated fabric, have been 
investigated.!!:1234.3 The results of the study of all 
these problems are given in the technical reports, 
but only a few are discussed here. 

Of the major developments under the project, 
three were adopted by the Armed Services in 1942 
and 1943; four were undergoing practical service 
tests by the Services when hostilities stopped; and 
one, upon which initial leads had been obtained, was 
referred to the Service laboratories for considera- 
t1on.?? 


STABILIZATION OF FABRICS 
IMPREGNATED BY SOLUTION 
PROCESS 1:9:18:24:31/39 
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Fabrics impregnated with CC-2 without any sta- 
bilizer lost practically all their tensile strength when 
stored in a simulated tropical storage room (46 C 
and 85 per cent RH) after a period of 3 months. 
Under the conditions of storage in the field, 0-33 per 
cent of the original tensile strength was retained after 
storage for 12 months. Similarly, all the positive 
chlorine was lost in the simulated tropical storage 
room during 3 months, whereas 0-70 per cent was 
retained in storage under field conditions. 

The standard solution impregnation process de- 
veloped by CWS was modified by dispersing in the 
tetrachloroethane solution of CC-2 about 10 parts 
of calcium carbonate per 100 parts of CC-2, with a 
suitable surface active agent, soya lethicin. The 
calcium carbonate concentration was adjusted so 
that the clothing picked up about 20 parts of cal- 
cium carbonate per 100 parts of CC-2. An alternative 
stabilizer, zinc oxide, developed under the NDRC 
program, was adopted by the Navy. They used 25 
parts of zinc oxide based upon CC-2. 

The process was adopted for use in the Zone of the 
Interior (Z of I) CWS plants in December 1943. 
Clothing impregnated by the new stabilized solution 
process, using calcium carbonate, retained 40 per 
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cent of its tensile strength after storage for 6 months 
in simulated tropical storage. After 3 months, 57 per 
cent of the active chlorine was retained, and, after 
6 months, 27 per cent. Over 50 per cent of the tensile 
strength and 90 per cent of the active chlorine was 
retained by impregnated fabries stored in the field 
for 12 months. The results with zinc oxide were sig- 
nificantly better, the retention of tensile strength be- 
ing 86 and 76 per cent, and of active chlorine 66 and 
43 per cent, after storage for 3 and 6 months, re- 
spectively.?? 


26(3 AQUEOUS SUSPENSION PROCESS 
FOR IMPREGNATING CLOTHING 
DNSTSORCOEBDAN T2 


The aqueous process is advantageous, as compared 
with the solvent process, for several reasons. There 
is a reduced requirement for procurement and trans- 
port of materials, since water locally available is used 
instead of the organic solvent, tetrachloroethane. 
About 50 million pounds of the solvent, tetrachloro- 
ethane, would have been required annually to take 
care of the loss of solvent incidental to the impreg- 
nation of the amount of CC-2 called for annually in 
the procurement program. The original requirement 
for solvent would have been much greater than 50 
million pounds. The equipment required for the 
water process could be assembled rather quickly 
from standard laundry and dry cleaning machinery 
constructed of galvanized iron and steel, with wooden 
tanks. The solution process is quite corrosive and, 
therefore, required special equipment of strategic 
stainless steel, Monel, and aluminum, which could 
not have been obtained within the time limits. The 
water process is additionally advantageous in that 
there is no hazard to personnel from the dangerously 
toxic vapors of tetrachloroethane, and the use of 
water as a medium makes unnecessary a solvent 
recovery system. 

In the process as developed, chloroparaffin is emul- 
sified in a water solution of polyvinyl alcohol by re- 
circulation through gear pumps; micronized CC-2 
containing 1Q per cent of its weight of zinc oxide 
(XX-CC-3) is similarly dispersed in this emulsion. 
The resulting concentrate is diluted for impregna- 
tion. Water dispersible pigments, developed for the 
purpose, are added for camouflage purposes. The 
proportion of ingredients is 100 parts X X-CC-3, 
75 parts chlorinated paraffin, 5 parts polyvinyl 
alcohol, and 5 parts dispersible color. 


The Navy also adopted the process, with formula 
changes to meet their conditions.* In the formula 
used by the Navy, the zine oxide was increased to 
25 parts per 100 parts of CC-2. The polyvinyl alcohol 
was decreased to 3.75 parts with 0.75 part of Daxad- 
11, 0.15 part of Duponol ME and 9 parts of dis- 
persible color. Daxad-11 or Tamol NNO is naphtha- 
lene formaldehyde sodium sulfonate, and Duponol 
ME is a technical grade of sodium lauryl sulfate. 

Fabrics stabilized with zine oxide (10 per cent) and 
impregnated by the aqueous process retained 94 per 
cent of their tensile strength and 66 per cent of their 
active chlorine after storage for 3 months in simu- 
lated tropical storage. The corresponding figures for 
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FIGURE 1. 


Field impregnating set, M-1. 


6 months' storage are 75 and 38 per cent. The corre- 
sponding figures for calcium carbonate (20 per cent) 
are 47 and 41 per cent for 3 months, and 41 and 16 
per cent for 6 months’ storage. 


GROUP IMPREGNATING SETS FOR 
USE BY TROOPS IN FIELD 


26.4 


26.4.1 M-1 Field Impregnation Set *:*7?° 


The development of a process for impregnation 
using water instead of an organic solvent made pos- 
sible a process for impregnation of clothing by small 
groups in the field (Figure 1). All materials and 
equipment are contained in a plywood box weighing 
80 pounds, and occupying 13.5 X 13.5 X 28 inches, 
or 2.9 cubic feet. The set provides for the impreg- 
nation of the protective clothing for 25-30 men at 
the standard loading of 0.5 mg of active chlorine per 
square centimeter of fabric. The mixing tank is a 
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2. INSERT THE WOODEN HOOP INTO 
THE RIM OF THE CANVAS MIXING BAG. 


1. ASSEMBLE PADDLE USING WING 
NUT, SCREWS, AND WASHERS. 





4. THE MIXING BAG MAY BE HELD BY 
THE FEET IN STIRRUPS OR STAKED 
TO GROUND WITH IMPROVED STAKES. 


3.PUT THE SUPPORTING SIDE STAVES 
INTO SLOTS IN THE MIXING BAG. 
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TO MIX 


Important: Use entire contents of each package. 


Use marked container for measuring water. Pastes must 
be thick in Steps B and C. 


A. Assemble paddle and canvas mixing bucket as illus- 
trated. Empty in Package No. 1 first. Then 
sprinkle in Package No. 2. Mix the dry powders by 
stirring briskly for two (2) minutes. 

B. Add two (2) small measures of water. Stir briskly for 
15 minutes until all lumps are gone. 

C. Add entire contents of Package No. 3. Stir the thick 
paste briskly for 20 minutes. 

D. Fill the large measure with water and add package 
No. 4. Stir until lumps are gone, add the mixture 
slowly to thick paste in the canvas mixing bucket 
while stirring briskly. Stir in three additional large 
measures of water. 


Important: Keep stirred and use at once. 


TO DIP CLOTHES 


Important: Soak large pieces of clothing first, and undershirts, 


socks, and gloves last. Always stir before dipping clothes, 


1 — Soak and squeeze clothes in the mixture until wet 
through and through. 

2 — Wring lightly over and into mixing bag. Do not 
waste material on the ground. Wring just enough 
to prevent dripping. | 

3 — Hang up to dry on clothesline or bushes, smoothing 
out wrinkles. Avoid sunlight if possible. 

4 — Smooth out spots with hand or brush while clothes 
are wet. 


FravmRE 2. Instructions for use of field impregnating set, M-1. 


collapsible canvas bucket, the agitator a two-piece 
wooden paddle. The water requirement of about 
23 gallons is measured in the top and bottom por- 
tions of the drum used for storage and transport of 
the CC-2. The box contains the required material in 
four packages, i.e., the micronized CC-2 with zine 
oxide, the polyvinyl alcohol-Duponol mixture, the 
chlorinated paraffin, and the water-dispersible color. 
The formula used is 110 parts X X-CC-3, 75 parts 
polyvinyl alcohol, 0.5 part Duponol ME, 3 parts 
dispersible color. The XX-CC-3 and polyvinyl 
aleohol-Duponol are mixed dry. A measured quan- 
tity of water is added and the mixture converted to 
a thick paste by stirring. The chloroparaffin is added 
and emulsified by mixing with the thick paste. The 
camouflage pigment is dispersed in water and the 
paste diluted to the concentration desired for im- 
pregnation. The garments are immersed, squeezed 
until drip-free, and hung up in the air to dry (Fig- 
ure 2). 

The process is simple and has been repeatedly 
operated successfully by totally inexperienced per- 


sonnel. Approximately 200,000 M-1 field impregnat- 
ing sets were procured late in 1943, and have been 
stocked for Army, Navy, and Marine Corps per- 
sonnel.?? 


Lightweight Simplified. Field 


Set13,37,39 


An improvement in the M-1 field impregnation 
set, called the lightweight simplified field set, has 
been developed. The set is 40 per cent lighter and 
50 per cent smaller than the M-1. Making up the 
bath for impregnation is simpler and more rapid 
than in the case of the M-1. 

In the simplified set, all the ingredients are mixed 
together with a measured volume of water in a can- 
vas bag, mixed to a paste, and diluted to impregnat- 
ing concentration. The time required is reduced in 
the simplified set to 25 minutes as compared with 
1 hour for the M-1. The composition of the set is 
100 parts of micronized CC-2 (1.e., XX-CC-2), 25 
parts chloroparaffin, 10 parts Aresklene-400, and 
6 parts dispersible color. The significant changes in 
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composition from the M-1 set is that chloroparafin 
is reduced from 75 to 25 parts, the polyvinyl alcohol 
is replaced with Aresklene-400, and the stabilizer for 
the fabric (zine oxide) is omitted. The stabilizer is 
omitted since the impregnated clothing would not be 
stored, and the omission makes possible not only a 
reduction in weight of materials transported, but 
also, more important, a somewhat increased stability 
of the impregnite on the fabric. 

The tests carried out under the direction of the 
Naval Research Laboratory and the Marines have 
indicated that the simplified set meets their require- 
ments.*® 
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Figure 3. Helmet impregnating set. 


INDIVIDUAL HELMET 
IMPREGNATING SET FOR USE BY 
TROOPS IN FIELD %:2.33 
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A package, formula, and process for use in indi- 
vidual impregnation of clothing has been developed 
(Figure 3). The composition is 110 parts of X X-CC-2, 
25 parts chloroparaffin, 10 parts Aresklene-400, and 
6 parts dispersible color. The package is 1.75x 
3x3 inches in dimension, and weighs 0.43 pound. 
The XX-CC-3 is placed in a lacquer-lined steel can, 
the parts of which serve for measuring the water. 
The chloroparaffin and Aresklene are contained in 
sealed lead tubes embedded in the micronized CC-2 
(X X-CC-2). The instructions are printed on the out- 
side of the container and state that the contents of 
the tubes and the X X-CC-2 are to be dumped into 
the helmet, using a measured volume of water. After 
a mixing by hand, water is added, and the impregna- 
tion is carried out by immersing the garment, part by 
part, in the helmet and wringing. 

The set is attractive because of ease of transport, 
by air or otherwise, and because of the simplicity of 


operation, permitting it to be used by untrained 
troops in whatever number may be desired. The set 
has been tested by representatives of both the Army 
and Navy with respect to make-up and protection in 
a toxic chamber, and appears to be satistactory.*’ 


26.6 ALTERNATE STABILIZERS, BINDERS, 
AND AGENTS FOR AQUEOUS- 
SUSPENSION PROCESS ?? 


Results have been obtained which indicate that 
the aqueous suspension process used in the T of O 
equipment may be advantageously modified in cer- 
tain respects. There is some evidence that calcium 
carbonate is to be preferred to zine oxide as a stabi- 
lizer for fabrics in the impregnation process. Calcium 
carbonate is apparently somewhat less effective than 
zinc oxide in preventing tendering of the fabric, if it 
is used in the same concentration as is zinc oxide. 
However, when used in somewhat higher amounts, 
e.g., 20 parts of calcium carbonate per 100 parts of 
CC-2, it is equally effective.!**! The presumed ad- 
vantage of calcium carbonate is that clothing carry- 
ing this stabilizer causes somewhat less irritation 
when worn under tropical conditions than clothing 
carrying zinc oxide.?? 

The addition of zine oxide or calcium carbonate in 
the impregnation process unquestionably increases 
the life of the garments, particularly if they are stored 
under tropical conditions.!:9:!8:3! However, although 
the stabilizers are effective in extending the life of 
the fabric, they reduce the life of the impregnite on 
the fabrice during wear.?^: Tt appears that the omis- 
sion of the fabric stabilizer would be advantageous in 
actual field impregnation when no clothing storage 1s 
involved. There is strong evidence that loss in posi- 
tive chlorine is somewhat less rapid when no fabric 
stabilizer is present. 

Extensive tests have indicated that the amount of 
chloroparaffin used in the standard impregnation 
processes can be reduced to one-third of that now 
recommended without any disadvantage.’ ?° ‘Tests 
at the Naval Research Laboratory have confirmed 
this conclusion, and the Navy has adopted the use of 
35 parts of chloroparaffin instead of the 75 parts per 
100 parts of CC-2 hitherto used by the Army and 
the Navy.* 

Attempts have been made to develop alternative 
agents in seeking possible improvements, as well as 
to guard against possible failure in the supply of 
chloroparaffin, polyvinyl alcohol, and CC-2. Several 
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grades of mineral oil have been found to be equiva- 
lent to chloroparaffin in binding action and, in some 
cases, the fabrics so impregnated showed a superior 
laundering resistance to those carrying chloropar- 
affin. However, the advantages demonstrated do not 
indicate that chloroparaffin should be replaced as the 
standard binding agent.!5.! 

Methocel (methylcellulose) and  Aresklene-400 
(dibutylphenylphenol sodium disulfonate) appear to 
be applicable to the T of O aqueous process, but they 
offer no apparent advantage and are somewhat more 
difficult to control in the plant process.®?? Aresklene- 
400, however, appears to be more satisfactory as a 
surface active agent for use in field sets, and is recom- 
mended for use in the simple lightweight field set re- 
ferred to above. Methocel might also be used for this 
purpose, but a granular form of this agent, such as 
must be used in the field set where rapid solution is 
essential, was not commercially available in 1945. 

In 1942 especially, a great deal of attention was 
given to the evaluation and development of processes 
for utilizing impregnites other than CC-2.??* 'The 
reasons for this attention have been discussed in 
some detail in Chapter 24. The objectives sought in 
new impregnites were to obtain a cheaper and a 
more available compound than CC-2; to provide 
against a possible inadequate supply of CC-2 or the 
discovery of some such fatal weakness as was found 
in 1944 for the standard British Impregnite E;*?^? 
or to obtain an impregnite which was less active 
than CC-2 in bringing about a tendering of the 
fabric, or which offered a greater or more permanent 
protection after impregnation. Agents were also 
sought, such as 8-436, which would offer protection 
against nitrogen mustards, as well as against H. In 
the end, none of the impregnites to which attention 
was given (Le., $-328, 8-461, S-210, and 5-330) 
proved to have any significant advantage over CC-2; 
moreover, the improvement in the process and qual- 
ity of CC-2, and the absence of gas warfare, made 
the results of the investigation of these impregnites 
appear to be of only historical interest. 


26.7 IMPREGNATING SYSTEMS RECOM- 
MENDED FOR FURTHER EVALUATION 


When hostilities closed in August 1945, several 
modifications of the standard impregnating processes 
had been indicated by the results of research and 
tests already carried out. The representatives of 
NDRC at that time suggested that six different sys- 
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tems be more thoroughly evaluated and compared in 
troop wearing trials and in chamber performance, 
with the objectives of ascertaining possible advan- 
tages in lowered irritation and longer or more com- 
plete protection. These tests should be made under 
hot and humid conditions with troops living under 
field combat conditions. For reasons indicated in an- 
other section of this summary (Chapter 30), all gar- 
ments should be made from one uniform lot of fabric, 
so that unequivocal conclusions may be drawn from 
the results of the test. Clothing impregnated by the 
following processes is suggested for the tests: 


1. CC-2/2n0/CP/PVA  100/10/75/5 — Stand- 
ard aqueous system 

2. CC-2/CaC0O;/CP 100/20/75 — TCE stabi- 
lized solvent system 

3. CC-2/CP/no stabilizer 
vent system (1941) 

4. CC-2/CP/PVA/no stabilizer 100/25/5/0 

5. CC-2/CP/Aresklene/no stabilizer 100/25/10/0 

6. CC-2/CaCO;3/CP/PVA 100/20/25/5 


100/75/0 — TCE sol- 


The group of six processes includes fabrics impreg- 
nated by the three standard systems for purposes of 
comparison with three newer systems. The results of 
the tests would show: the effect of omitting the stabi- 
lizer for the fabric or of reducing the chloroparafiin 
from 75 to 25 parts per 100 parts of CC-2; the effect 
of Aresklene-400 as compared with polyvinyl alcohol 
as an emulsifying and dispersing agent; and the rela- 
tive merits, as judged by irritancy, of calcium car- 
bonate and zine oxide as stabilizers for the fabric. 
The results of the tests would also establish the length 
of time before reimpregnation of fabrics, originally 
impregnated by different processes and compositions, 
becomes necessary. Some of the questions referred to 
just above have been answered to the satisfaction of 
representatives of one Service, but not of the other. 
The results of such wearing trials, under realistic con- 
ditions, would serve to confirm or reject tentative 
conclusions resulting from extensive laboratory 
research. 


26.8 UNSOLVED PROBLEMS 


Fabrics impregnated with CC-2 more or less rap- 
idly lose their content of the active agent, i.e., posi- 
tive chlorine, during storage and wear. Under the 
very severe conditions of wear in the tropics, the 1m- 
pregnated fabrics are perhaps not sufficiently pro- 
tective for more than a week after impregnation.?9.35,45 
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The extension of the effective life of the impregnite 
upon the fabric is perhaps the most serious unsolved 
problem in connection with protective fabrics carry- 
ing a chloramide for protection against H. This prob- 
lem is intimately connected with another, 1.e., the 
selection of fabrics which will allow the maximum 
life of the impregnite. Experience has shown that 
there is a great variation in the length of life of the 
impregnite, depending upon the process to which the 
fabric has been subjected prior to impregnation.**,° 

At the time when the chief problem appeared to be 
the preservation of the tensile strength of the fabric 
during storage, fabrics from certain mills were se- 
lected as the best for impregnation. This was done 
after extensive surveys of fabric samples from all 
producers of herringbone twill had apparently shown 
that lightly processed textile fabrics retained their 
tensile strength better and longer than did more com- 
pletely processed fabrics. However, this selection 
was made upon the basis of impregnation with an 
unstabilized solution system, as used in 1941, but no 
longer used by either of the Services.” Introduction 
of calcium carbonate or zinc oxide as a stabilizing 
agent practically eliminated this difference in tensile 
strength between fabrics of different sources. Recent 
surveys have shown that certain more completely 
processed textile fabrics, impregnated by the stabi- 
lized aqueous system, retained their chlorine much 
better than did some of the lightly processed fabrics 


just referred to. It is clear that any worth-while 
studies, looking towards the prolongation of im- 
pregnite life of a fabric, must start with and be 
based upon fabrics of uniform and reproducible 
characteristics. 

Patch wearing tests suggest that the use of zinc 
oxide or calcium carbonate in the aqueous system re- 
duced chlorine retention during wear by about 20 per 
cent, so that it appears that, where garments are not 
to be stored, the stabilizer for the fabric should be 
omitted.*? This lead has been followed in the formula 
recommended for the simplified lightweight field set 
and the helmet set. Patch wearing tests have indi- 
cated that the effect of the stabilizer, at least in the 
aqueous process, can be minimized by adding an 
acidic agent, like alum, to the impregnating system.*° 
The validity of patch wearing tests as a guide to re- 
search has not yet been established by a close corre- 
lation with the results of sufficiently controlled troop 
wearing tests.? It appears that a fruitful approach 
to the problem of increasing the life of the impregnite 
on the fabric depends upon carefully planned wearing 
tests carried out under realistic conditions. It is es- 
sential in such studies, if useful results are to be ob- 
tained, that the fabric variable be held constant. 
Lack of control of the fabric variable, unavoidable 
at the time, is a weakness which may vitiate the re- 
sults of previous wearing trials in which chlorine 
retention was determined. 
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PREPARATION OF CARBON-TREATED FABRICS 
By Homer Adkins and Wilkins Reeve 


INTRODUCTION 


HE INVESTIGATION of methods of incorporating 
me carbon into cotton fabrics was prompted 
by knowledge tbat the British had developed a proc- 
ess for the preparation of carbon-containing fabries 
which used rubber latex as the binding agent, and 
that they were studying this process in 1941 on a 
plant scale.??:2 In this country, three fundamentally 
different approaches to the problem were developed. 
The first involves impregnating piece goods or the 
finished garments with activated carbon dispersed 
in à suitable medium. The second involves applying 
the activated carbon to the piece goods by a coating 
process using viscose as a binding agent. The third 
involves incorporating the activated carbon into vis- 
cose rayon yarn during the preparation of the yarn 
and prior to the weaving of the fabric. All three 
processes are suitable for the preparation of carbon 
garments on a large scale, and each has certain ad- 
vantages and limitations. The first process, as ap- 
plied to garments, was not developed until shortly 
before the end of hostilities and hence has been very 
inadequately studied; it appears to be an excellent 
method for applying activated carbon to fabrics 
which are in the form of garments. Plant methods 
for the impregnation of cotton piece goods with 
activated carbon are less desirable than the second 
method involving the coating of the fabric. The 
second process is technically suitable for the applica- 
tion of activated carbon to a large fraction of the 
cotton twill fabric procured for outer garments. The 
treated fabric is of high quality, and the processing 
cost is low. The third process enables a larger amount 
of carbon to be incorporated per unit area of fabric. 
The fabrics have relatively good textile properties 
(color, hand, drape, etc.) but are more expensive to 
prepare and do not wear so well as standard un- 
treated cotton twills. 

Carbon fabrics * are expected to be of increasing 
importance in providing protection against chemical 
warfare agents because (1) protection is provided 
against all types of vesicants instead of being specific 


27.1 


a By “carbon” fabrics or garments is meant “‘carbon- 
treated” fabrics or garments. 
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for those agents which are destroyed by the chloram- 
ide type of impregnite, (2) the protection provided 
against H | bzs(6-chloroethyl) sulfide | is of a similar 
order to that provided by chloramide-impregnated 
clothing, (3) the protection provided against vapors 
of HN1 [ethyl-bzs(6-chloroethyl)amine | and HN3 
[ trzs(6-chloroethyl)amine | is superior to that pro- 
vided by chloramide-impregnated clothing, and (4) in 
the future, it may be economically and technically 
more feasible to provide carbon clothing than 
chloramide-treated clothing. 


22 CHOICE OF MATERIALS 


27.2.1 Adsorbents 


Activated carbon is the only adsorbent which has 
been used in the work carried out in this country. 
Preliminary studies carried out by the British have 
shown that certain inorganic sulfides strongly adsorb 
H, even from organic solvents.*! These might be given 
serious consideration in future research work. Their 
work has shown silica gel and adsorbent alumina to 
be inferior to activated carbon.*° 

The protective properties of fabrics containing 
activated carbon are dependent on the adsorptive 
properties of the activated carbon in the fabric, which 
in turn are dependent on the method by which the 
activated carbon is prepared.!! The adsorptive ca- 
pacity effective under conditions of use is only a 
small percentage of the total adsorptive capacity and 
is not necessarily a function of the latter. It is be- 
lieved the geometrical arrangement of the carbon 
surface within the carbon particle is of considerable 
importance. The carbon particles consist of a network 
of large macropores through which all gases can dif- 
fuse, micropores opening into the macropores, and 
sub-micropores opening into the micropores. Acti- 
vated carbons prepared by different procedures have 
their surface areas distributed differently among the 
various pores; for this reason, each gas has a charac- 
teristic adsorption isotherm for each type of carbon, 
and the relative adsorptive properties of two different 
carbons may vary depending on the partial pressure 
of the adsorbed gas at which comparisons are made. 
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The four processes which have been used for the 
preparation of activated carbon on a large scale for 
use in canisters are as follows: 

1. Wood zine chloride process. Wood in the form 
of sawdust is impregnated with zine chloride, heated, 
and extruded under high pressure. The volatilization 
of the zine chloride on pyrolysis causes the necessary 
pore structure to form and also activates the carbon. 
This carbon was produced by the National Carbon 
Company and is known as National carbon. 

2. Carbonization of coal. Pulverized coal is car- 
bonized in retorts and activated with steam. The 
activated carbon so produced is characterized by a 
high density and a relatively high (20 per cent) ash 
content. This carbon was produced by the Pitts- 
burgh Coke & Chemical Company and is known as 
PCC (or PCI from an earlier name of the company) 
activated carbon. 

3. Carbonization of sawdust briquettes. The saw- 
dust is treated with pitch and formed into briquettes. 
These are carbonized under pressure and the result- 
ing carbon activated with steam. This process was 
employed by the Crown-Zellerbach Company, and 
the material is known as Carlisle carbon. 

4. Carbonization of nut hulls. Nut bulls from a 
variety of nuts are carbonized and the carbon acti- 
vated with steam. The final product is not so uniform 
as the carbons described above because of the non- 
uniformity of starting materials. This carbon was 
made by the Barneby-Cheney Company and is 
known as Barneby-Cheney carbon. 

For use in canisters, the above types of carbon are 
"whetlerized" with certain heavy metal salts to in- 
crease the protection provided against certain nonper- 
sistent chemical warfare agents; however, whetlerized 
carbon was not used in the protective clothing work 
inasmuch as none of the nonpersistent agents are 
vesicants. Since unwhetlerized National carbon had a 
larger surface area than the other unwhetlerized 
carbons but was less satisfactory after whetlerization 
than the others, it was more available and appeared 
to be more suitable for the protective clothing work 
than the other types. Nearly all experimental work 
was carried out with two different lots of this ma- 
terial. One was known to Division 9 investigators as 
N-44 and represented the material produced in the 
Chemical Warfare Service’s [CWS] plant, Fostoria, 
Ohio, from the summer of 1942 until the summer of 
1943. The other, designated N-182, was produced at 
the same plant from January to March 1944. 

Activated unwhetlerized National carbon as pro- 


duced for eventual use in canisters has a particle 
size range of 12-30 mesh. The grinding of this ma- 
terial is difficult because of the hardness of the car- 
bon. The material can be “micronized” with steam 
to an average particle size of 3-5 y,*® or it can be 
hammer-milled and air-classified so that the particle 
size range is approximately 10-30 u.” It has been ob- 
served that the PCC carbon is too hard to be suc- 
cessfully hammer-milled without undue wear on the 
erinding equipment. Other types of equipment, such 
as Raymond mills, have not been investigated but 
should be suitable for the grinding of all types of 
carbon. 


Binders 


A binder must be used to make the activated car- 
bon adhere to the fabric. In the case of the synthetic 
fibers containing activated carbon, the fiber itself 
acts as the binder. The binder must hold the carbon 
sufficiently firmly so that crocking (rubbing off of 
carbon) does not occur, and must not seriously de- 
crease the adsorptive capacities of the activated 
carbon. The following types of binders have been 
tried: 

1. Rubber latex. Natural rubber latex was used by 
the British 27:33 for the impregnation of woolen 
garments. Synthetic latexes have also been investi- 
gated. The former was unavailable during the war 
years and, in addition, underwent a slow decomposi- 
tion with the formation of products which slowly 
deactivated the carbon. This caused the effective- 
ness of the carbon garments to decrease during 
storage. 

2. Cellulose. Regenerated cellulose is the best 
binder now known for the coating of fabric with 
carbon. A solution of the sodium xanthate salt, as 
used for the manufacture of rayon, is mixed with 
carbon, coated on the fabric, and converted to re- 
venerated cellulose by treatment with acid.” In the 
preparation of carbon-rayon yarn, the carbon is like- 
wise mixed with the sodium xanthate cellulose solu- 
tion and extruded through spinnerets into an acid 
bath to regenerate the cellulose.*:® 

3. Alkali-soluble zinc cellulose. This has been used 
as a binder in the impregnation of piece goods? and 
garments !? with activated carbon. 

4. Cellulose derivatives and related products. A 
variety of cellulose derivatives including methyl- 
cellulose, ethylcellulose, hydroxyethylcellulose, and 
carboxymethyleellulose sodium salt have been in- 
vestigated as binders and all found to have little effect 
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on the activity of the carbon,?**' providing the 
ratio of binder to the carbon is sufficiently low so that 
the carbon is not covered by a continuous film. 
Methyl- and ethylcellulose can be used directly. In 
the other cases, the binding agent is converted into a 
water-soluble form by alkali, and treated with acid 
to regenerate the material after application to the 
fabric. Cellulose acetate filaments containing acti- 
vated carbon * have been spun but do not appear 
promising. 

5. Various pectic acid salts.! These do not poison 
the carbon, but the carbon is not bound sufficiently 
firmly to prevent crocking. Natural and synthetic 
gums,! various types of starches and starch acetate,’ 
chitin,? and chlorinated starch? have also been tried. 

6. Protein products. Casein has been used as a 
binder for the impregnation of fabrics! and gar- 
ments !?:4 with carbon. The casein is insolubilized by 
treatment with formaldehyde or lime. In the former 
case, the crocking properties are satisfactory, but 
formaldehyde is difficult to handle on a plant scale, 
and the garments are excessively stiff. In the latter 
case, the carbon crocks excessively. Other materials 
tried include mazein ! and chrome gelatin.? 

7. Synthetic polymers. Synthetic filaments con- 
taining activated carbon have been prepared from 
copolymers of vinyl chloride and other vinyl com- 
pounds,* and laboratory and arm-chamber tests indi- 
cate that carbon retains most of its activity.*?! Since 
manufacturing facilities for the preparation of large 
quantities of this type of synthetic yarn were not 
available, these materials were not developed. 

Polyvinyl alcohols, polyvinyl chloride, and poly- 
vinyl acetate have been tried as binders for the im- 
pregnation of fabrics and garments with carbon.?:5-13 
Polyvinyl esters differ from the previously discussed 
binders in that the H is soluble in the polymer. The 
above compounds are excellent binders insofar as 
binding the carbon to the fabric is concerned; how- 
ever, the activity of the carbon fabrics, as measured 
in the laboratory, appears inferior. Other synthetic 
polymers include polybutene;?55 Carbowax, acry- 
lates,! methacrylates,! alkyd resins,! urea-formalde- 
hyde resins,':!? melamine-formaldehyde resins,'* and 
modified styrene/maleic anhydride interpolymers.* 

Copolymers of ethyl and methyl acrylate have been 
tried in connection with the impregnation of piece 
goods with activated carbon.! The carbon is firmly 
bound, but the activity of the carbon is much re- 
duced, unless "protected" by a prior treatment with 
an alginate salt. 
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8. Miscellaneous binders. Miscellaneous binders 
include sodium silicate! and chlorinated paraffin 
wax.® 18 


Fabrics 


In the case of the coated and impregnated ma- 
terials, nearly all work in this country has been done 
with herringbone twill and Arnzen cloth. Both are 
8- to 8'4-ounce, tightly woven, snag-resistant, cotton 
twills. The first is procured by the Army for the 
preparation of standard cotton Army battle dress, re- 
gardless of whether or not it is to be made gas-pro- 
tective. The latter is a higher quality, more expensive 
fabric which is procured by the Navy for the prepara- 
tion of the specially designed Navy gas-protective 
suit. Arnzen cloth differs from herringbone twill in 
that (1) there are minor differences in details of con- 
struction, (2) it is not dyed, (3) it is much more uni- 
form because it is manufactured and processed by 
only one company, and (4) it is subjected to rela- 
tively light processing in the finishing plant. 

A few hundred yards of a lightweight “80 square" 
print cloth have also been coated with carbon, but 
there appears to be no military need for such ma- 
terial. 

In the case of the carbon-rayon fabrics, woven and 
knit fabrics were prepared which had constructions 
different from the standard materials used by the 
Armed Services. These will be discussed in the section 
dealing with the preparation of the carbon-rayon 
materials. 


21.2.9 


21.3 PREPARATION OF 
CARBON-IMPREGNATED FABRICS 
21.3.1 Introduction 


Garments may be impregnated with carbon by im- 
mersion in a suitable dispersion of the carbon. Such a 
procedure has the advantage that the carbon is in- 
corporated into the finished garment and makes it 
possible to impregnate the large number of garments 
held in storage by the Quartermaster. The choice of a 
suitable binding-dispersing agent depends on the 
relative importance of having a method of impregna- 
tion easily applied in the field as opposed to a more 
complex impregnation procedure requiring mechani- 
cal equipment, even though the garments impreg- 
nated by the former procedure are inferior to those 
prepared by the latter. In order for an impregnation 
procedure to be suitable for use by the average 
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soldier under field conditions, it is considered neces- 
sary that a single impregnating bath be employed and 
that this consist of an aqueous dispersion. The elimi- 
nation of organic solvents and of two-step processes 
prevents the use of many attractive binders. Never- 
theless, several aqueous one-bath systems have been 
developed containing calcium caseinate,^ various 
cellulose derivatives,9 and polyvinyl alcohol? as 
binders. Practical wearing tests on the most promis- 
ing of the methylcellulose aqueous systems demon- 
strated that noticeable amounts of carbon are rubbed 
off under wet field conditions.? 

By the end of hostilities, a formulation involving 
the use of ethylcellulose as a binder dissolved in 
tetrachloroethane had been developed on a labora- 
tory scale. It is believed this impregnation procedure 
might prove to be suitable for use in the Army’s M-1 
Theater of Operations’ (T of O) solvent CC-2 impreg- 
nating plants. The fabrics were outstanding with 
respect to softness, H vapor resistance in both the 
wet and dry conditions, and lack of crocking 
properties. | 

Several more complex processes were developed 
prior to the above work. The original British develop- 
ment ?? involved (1) the thorough impregnation of the 
fabric with activated carbon, (2) the removal of the 
surface carbon by scrubbing, and (3) the thorough 
binding of the carbon in the fabric with rubber latex. 
It was the knowledge of this process that led to the 
undertaking of a research program in this country on 
carbon fabrics. 

A somewhat similar method was developed in this 
country for the impregnation of piece goods with 
carbon dispersed in a zinc ammonium alginate solu- 
tion. After impregnation, the surface carbon is re- 
moved by scrubbing, and an aqueous dispersion of a 
polyacrylate resin is applied to bind the carbon in the 
fabric.+? The method is believed to be less practical 
than that employed in the preparation of the carbon- 
coated fabric. 

A two-step process for the impregnation of gar- 
ments was developed which involved the use of casein 
as a binding-dispersing agent followed by a second 
step in which the casein was insolubilized by exposing 
the impregnated garment to the vapors of formalde- 
hyde overnight at room temperature.? 'The use of 
formaldehyde was inconvenient, especially on a plant 
scale, and the process was discarded because it was 
believed the number of garments which could be 
treated per day in the Army's M-2 T of O plant would 
be too low to be practical. 


27.3.2 Preparation and Camouflage 


of Carbon 


A study has been made of the relationship between 
particle size of the carbon and resistance to removal 
from the impregnated fabric by crumpling and water 
leaching. Fabrics impregnated with N-182 National 
carbon dispersed in an aqueous methylcellulose 
or hydroxyethyleellulose-glyoxal system exhibited 
greatly increased washfastness as the weight median 
diameter was reduced to 3 uw. A fabric impregnated 
with a methylcellulose system containing 22-y carbon 
retained 16 per cent of its carbon after crumpling and 
water leaching as determined by H vapor capacity 
measurements, whereas a similarly impregnated 
sa aple with 3-u carbon retained 100 per cent. It was 
concluded that the carbon to be used in the impregna- 
tion of garments should be as finely ground as 1s com- 
mercially practical.’ Most of the laboratory work was 
carried out with micronized N-182 National acti- 
vated carbon having a weight median diameter of 5 y. 

The carbon in the coated fabric or the impregnated 
garment can be camouflaged by incorporating in the 
carbon-binder mixture either ‘‘Mapico lemon yellow” 
iron oxide pigment or white titanium dioxide.?:?.? 
After impregnation with a carbon dispersion con- 
taining 75 parts yellow pigment per 100 of carbon, 
herringbone twill garments still have an olive drab 
shade which is only slightly darker than the original. 
White Arnzen cloth impregnated with a carbon dis- 
persion containing 50 parts titanium dioxide per 100 
of carbon is an attractive blue-gray shade. 


27.3.3 impregnation with Carbon from 
Aqueous Methylcellulose-Carbon 
Dispersions ? 

In its present state of development, the aqueous 
methylcellulose system does not meet the desired goal 
of complete resistance to removal by water, but it 1s 
believed to have suffieient water resistance to be 
useful in case of necessity. In a troop wearing trial, 
the skins of the troops wearing the clothing were 
badly darkened by carbon which rubbed off when 
exposed to a heavy downpour of rain.” Laboratory 
H resistance data also indicate the H vapor capacity 
of the fabric to be considerably lowered when wet. A 
preliminary chamber evaluation indicated that new 
garments provide protection for approximately two- 
thirds the length of time provided by carbon-coated 
garments.” 

The preferred system consists of 100 parts mi- 
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cronized N-182 carbon, 25 parts 100 eps methylcellu- 
lose, 25 parts ““Mapico lemon yellow” iron oxide pig- 
ment, and | part Tamol NNO (naphthalene formalde- 
hyde sodium sulfonate). It is readily formulated by 
dissolving the fibrous methylcellulose (2.5 pounds) in 
10 parts of water by hand stirring for several hours 
and then diluting to a 5 per cent solution. The con- 
centrated suspension is prepared by blending the 
solid ingredients into the methylcellulose solution and 
hand stirring about 1 hour. The suspension is diluted 
with water to 6.5 per cent carbon. A bath so prepared 
is sufficient to impregnate approximately 25 uni- 
forms. The wet clothing is wrung by hand until it 
ceases to drip and is then dried in a tumble drier. 
The clothing contains approximately 3 mg of carbon 
per square centimeter. 

The investigation of this system was terminated 
before it could be developed completely. The system 
is not now in a practical state of development, but 
further laboratory work should indicate methods by 
which the present deficiencies can be overcome. 

In the development of the above system, a large 
number of alternative binders were investigated. 
These included water-soluble binders such as hy- 
droxyethyleellulose, polyvinyl alcohol, corn and po- 
tato starch, casein, zinc ammonium polymethacrylate, 
ammonium alginate, carboxymethylcellulose sodium 
salt, Daktose (deacylated chitin) acetate, Carbowax 
1500, modified styrene/maleic acid interpolymer, 
melamine-formaldehyde resin, urea-formaldehyde 
resin, and Swiss gum; and water-insoluble binders 
such as polyvinyl acetate, polyvinyl alcohol, poly- 
butene, chlorinated paraffin, and ethylcellulose. 


27.3.4 Impregnation with Carbon 
Dispersed in Tetrachloroethane 


Solution of Ethylcellulose * 


Herringbone twill fabries impregnated with acti- 
vated carbon from suspensions in organie solvents 
containing ethylcellulose as a binder and dispersing 
agent have exhibited high H capacity under labora- 
tory conditions, nearly complete leach and wash re- 
sistance, and little tendency to dust when crumpled. 
The preferred formulation has the composition 100 
parts micronized N-182 carbon, 25 parts ethylcel- 
lulose (10 eps), 75 parts ‘““Mapico lemon yellow” iron 
oxide pigment, 1,540 parts tetrachloroethane. 

The impregnating suspension is prepared by dis- 
solving 158 g ethylcellulose in 9,736 g tetrachloro- 
ethane with vigorous agitation at room temperature. 
The binder dissolves completely in about 15 minutes, 


PREPARATION OF CARBON-TREATED FABRICS 


and 625 g micronized carbon and 474 g iron oxide 
pigment are then added and stirring continued for 
30 minutes. The fabrics are soaked in the impregnat- 
ing suspension and then wrung to 400 g wet pickup 
(175 per cent) and dried by tumbling at 80 C. The 
impregnated fabric contains about 3 mg carbon per 
square centimeter. 

The fabrics are relatively soft, and are of an olive 
drab shade only slightly darker than the OD7 of the 
original herringbone twill. With Arnzen cloth, an 
attractive blue-gray shade is produced by substi- 
tuting 50 parts titanium dioxide for the 75 parts of 
iron oxide. H capacity values determined in the 
laboratory are approximately three-fourths those ob- 
tained with the carbon-coated herringbone twill. 
Tests run on wet samples indicate that the adsorp- 
tive capacity is not impaired by the presence of water. 
Leaching the fabrics with water or laundering with 
0.2 per cent Kalye-A (an inorganic detergent con- 
sisting of 75 per cent sodium metasilicate and 25 per 
cent tetrasodium pyrophosphate) removed practically 
no carbon and did not lower the H capacity values. 

The laboratory investigations were terminated be- 
fore the system was developed completely; however, 
it appears extremely promising and should be in- 
vestigated in plant equipment, in wearing trials, and 
in chamber tests. 


27.3.5 Preparation of Carbon-Impregnated 


Woolen Fabrics with. Rubber Latex 
Binder 27,32,33 

The use of rubber latex as a binder for carbon was 
not studied in this country because of the shortage 
of this material and because the earlier British work 
indicated that a slow decomposition of the rubber 
occurred with consequent poisoning of the carbon. 
The process is more adaptable to relatively thick 
woolen fabrics than it is to closely woven, thin cotton 
fabrics such as herringbone twill. 

The impregnation bath, as used by the British in 
1942, consists of 10 per cent activated carbon, | per 
cent rubber latex, lesser amounts of methylcellulose 
to serve as a stabilizing colloid, and Perminal WA 
(an I.C.I. Ltd. product) to improve penetration of 
the fabric. The fabric is dried to complete primary 
fixation and is then thoroughly washed to remove 
superficial and loosely adhering carbon. The carbon 
is then more thoroughly fixed by dipping the fabric 
in a 1 per cent Positex dispersion and drying. 

The Positex used was obtained by the addition of 
Lissolamine A to a commercially vulcanized latex 
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(Revultex) to the extent of 7.5 per cent of the dry 
rubber content. The binding action depends upon the 
preferential absorption by the fabric of the Lis- 
solamine A and the consequent precipitation of the 
vulcanized latex. Fabrics were also made using an 
unvuleanized latex having superior fixative prop- 
erties. 

By impregnation in this manner, the carbon 1s 
confined to the body or core of the fabric so that a 
section of the fabric presents a laminated structure, 
the surface layers being clean and substantially free 
of carbon. The normal carbon content is 10-15 per 
cent. 

Wearing trials of garments impregnated as above 
have been carried out by the British. The data ob- 
tained indicate the loss of protective value on wear 
to be due to (1) poisoning of the carbon through 
general soiling and perspiration, to which must be 
added any effect due to atmospheric contamination, 
and (2) loss of carbon from the garments due to wear 
and inadequate initial fixation. Of these, (1) is the 
more serious. The carbon exerts an abrasive action 
on the textile and increases the rate of wear. The 
effects of the carbon poisoning are reversed by ex- 
traction with acetone and presumably by other sol- 
vents. The impregnated fabrics show progressive 
loss of penetration times on standing in the atmos- 
phere, presumably due to adsorption of atmospheric 
impurities of an oily nature. The fabrics also suffer 
deterioration of the fixation of the carbon on ex- 
posure to bright sunlight. A limited evaluation of 
carbon-impregnated garments was carried out by 
exposing subjects wearing new and worn "pantees" 
to H vapor, and it was demonstrated that the gar- 
ments would provide a certain degree of protection.”® 
However, due to the exploratory nature of this work, 
it is difficult to compare the results with the results 
of the chamber programs at Edgewood Arsenal and 
and the Naval Research Laboratory. 

No work has been carried out in the United States 
on the use of rubber latex as a binder. Following the 
development of the above impregnation procedure, 
the British assigned a low priority to work on carbon 
protective clothing, presumably because of the un- 
availability of rubber latex and the deterioration of 
the activated carbon on wear and storage, with the 
result that practically no work was carried out after 
1943.29 It is believed that the British process is not 
so suitable for the impregnation of comparatively 
thin and tightly woven cotton fabrics as for the 
thicker woolen fabrics. 


27.3.6 Impregnation of Piece Goods in 
Finishing Plant +? 

Certain alginic acid salts have the unique property 
of preventing activated carbon in a fabric from being 
inactivated by the application of a water emulsion 
of an acrylate polymer. This is used in the following 
modification of the British process for the impregna- 
tion of piece goods in the textile plant. 

The processing of the fabric starts with the dyeing 
of the base fabric, since the darker shade of the 
fabric after the activated earbon has been incorpor- 
ated makes it necessary to have the unimpregnated 
fabric a lighter and more yellow shade than the 
standard olive drab. Unmercerized cloth is used to 
secure better penetration of the carbon into the goods. 
Other than the above, the preparation of the base 
fabric involves the usual processing, namely, singe, 
diastafor, wash, 18-hour kier boil, sour, wash, wash, 
soap, hot water wash, frame-dry, dye. 

The impregnating bath is prepared according to 
the following formula: 4 per cent ammonium alginate 
(Amoloid LV), 2.8 per cent zinc sulfate heptahy- 
drate, 4 per cent concentrated ammonium hydroxide 
(28 per cent NH3), 15 per cent National activated 
carbon, 74.2 per cent water. The alginate, carbon, 
and zine sulfate are dispersed or dissolved in sepa- 
rate portions of the water. The ammonia is added to 
the zine sulfate solution and stirred until the zine 
hydroxide has dissolved, after which the carbon 1s 
added. The dyed fabric is impregnated by running 
it twice through a mangle equipped with one brass 
and one maple roll. The cloth is not dried between 
runs, but the face of the cloth is reversed. Following 
the impregnation, the cloth is frame-dried and then 
given eight passes through a specially built scrubbing 
machine to remove the surface carbon. The fabric 
is then dried and topped with a 5 per cent aqueous 
emulsion of a copolymer of ethyl acrylate and methyl 
acrylate (RHoplex WC-9). Following this, the goods 
are frame-dried and cured, washed in a Rodney-Hunt 
washer in cold water for 15 minutes, frame-dried, 
again given four passes through the scrubbing ma- 
chine, frame-dried, Sanforized, given four passes 
through the scrubber with 0.2 per cent Kalye-A (an 
inorganic detergent consisting of 75 per cent sodium 
metasilicate and 25 per cent tetrasodium pyrophos- 
phate), four passes through the scrubber with cold 
water, and frame-dried. 

The properties of the finished fabric, NDRC Car- 
bon-Impregnated HBT, Type A (B-191), are as 
follows: 
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Tensile strength (Scott pendulum type— ASTM grab 


method) 
Warp 144 lb 
Filling 92 Ib 


Tear resistance (Scott inclined plane tester — ASTM trape- 
zoidal method) 
Warp 10.7 lb 
Filling 6.1 Ib 
Air permeability (method of Schiefer and Boyland)* 2 
cu ft/sq ft/min 
H resistance 
NDRC titrimeter method * (10 ug H in 10 ml air applied / 
min /em? at 25 C) 
Capacity at 99% retention efficiency 500 ug/cm? 
Capacity at 95% retention efficiency 1,050 ug /cm? 
Capacity at 90% retention efficiency 1,200 ug /cm? 
CWS penetration time !5 ( Directive 162, 


Edgewood Arsenal result) 281 min 


Flexibility Stiffness increased about 3095 over base 
fabric as measured on Gurley R.V. 
tester 

Color Olive drab shade 

Carbon content 3 mg/cm? 


Three large-scale mill runs, each of 1,000 yards or 
more, have been made. The material was somewhat 
more stiff than the carbon-coated fabric. Much of the 
material produced was of a darker shade than de- 
sirable. This was in part a result of the relatively 
inefficient experimental scrubber which was em- 
ployed. With a properly designed scrubber, the 
quality of the material produced could be improved. 
N-44 carbon was used in all the plant runs rather 
than the more active N-182 carbon which became 
available later. Evaluation in the toxic chamber !” at 
Edgewood in the summer of 1944 indicated the ma- 
terial to be as effective as the carbon-coated fabric 
containing approximately the same amount of N-44 
carbon per square centimeter. Inasmuch as the 
chamber trials indicated little choice between the 
carbon-coated and the carbon-impregnated fabric, 
and the former was less stiff and did not require a 
scrubbing operation in its preparation, efforts were 
concentrated on having the carbon-coated fabric 
thoroughly evaluated. 

An alternative plant impregnating process was de- 
veloped based on the use of Kopan, an alkali-soluble 
zinc cellulose, as the dispersing agent, and 1,000 
yards of herringbone twill were impregnated to 
demonstrate its feasibility on a plant scale. This 
material was not evaluated in chamber tests or wear- 
ing trials, but it is believed to be the equivalent of 
the process employing zinc ammonium alginate.* 

In the development of the above systems, many 
other binders were investigated, but none appeared 
to be more satisfactory than those used in the two 
processes described above. These alternative binders 
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included polymers of the methacrylate, acrylate, oil- 
modified alkyd, phenol-modified alkyd, rosin-modi- 
fied alkyd, urea-formaldehyde modified alkyd, urea- 
formaldehyde, polybutene, and polyvinyl alcohol 
types; natural and synthetic gums; mazein, casein, 
and chrome gelatin; sodium silicate; metallic pectates 
and alginates; and hydroxyethylcellulose. 


27.3.7 Impregnation with Carbon from 
Aqueous Ammonium Caseinate 
Dispersions ? 

Casein has been found to serve as a binder for the 
impregnation of fabries with activated carbon. Un- 
fortunately, casein easily dissolves in dilute alkaline 
solutions and, therefore, has little washfastness. In 
the following procedure, the casein is insolubilized by 
treatment with formaldehyde to increase the wash- 
fastness. The preferred formulation has the following 
composition: 24 parts N-182 activated carbon, 18 
parts ‘‘Mapico lemon yellow” iron oxide pigment, 12 
parts casein, 0.5 part Daxad (naphthalene formal- 
dehyde sodium sulfonate), 1.3 parts concentrated 
ammonium hydroxide, 237 parts water, excess gase- 
ous formaldehyde. After the dry ingredients are 
thoroughly mixed either in a beaker or ball mill, the 
water and ammonia are gradually added with stir- 
ring. The material to be impregnated is soaked in 
the mixture and the excess liquid removed by wring- 
ing. The fabric is then dried in a laundry drier. The 
impregnated fabrics or garments are cured by ex- 
posure to the vapors of formaldehyde for 12 hours. 
This is carried out by sealing approximately 20 
pounds of dry impregnated garments in large paper 
sacks in the bottom of which approximately 150 ml 
of 40 per cent formaldehyde solution has been poured. 
After curing, the clothing is dried in a drier vented 
to the outside until the odor of formaldehyde is not 
objectionable. Coveralls impregnated in this manner 
are too stiff to be worn and are softened by launder- 
ing in a wash wheel at 160 F for 15 minutes in 0.2 
per cent Kalye-A, followed by three 5-minute rinses 
at 160 F. 

A similar procedure was investigated in small- 
scale equipment simulating an M-2 T of O impregna- 
tion plant. The curing step was carried out by intro- 
ducing formaldehyde vapor into the drier during the 
drying operation. After preliminary trials, the method 
was discarded since it was believed the amount of 
clothing which could be treated by an M-2 T of O 
plant would be too small to be practical. 

Garments impregnated by the laboratory pro- 
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cedure offer considerable resistance to H vapor as 
determined by the CWS procedure. The laundry 
resistance compares favorably with that of the car- 
bon-coated fabric. 

Small-scale wearing trials were carried out with 
garments during the development work. Because of 
the stiffness of the laboratory-impregnated garment 
and the belief that the plant process was not practi- 
cal, an extensive program for wearing trials and 
chamber tests was never undertaken. 


Present Status of Carbon 
Impregnation Systems 


21.3.8 


The process based on the use of ethylcellulose, dis- 
solved in tetrachloroethane, as a dispersing and bind- 
ing agent for activated carbon holds much promise 
for the impregnation of garments, but has not been 
demonstrated on a T of O plant scale. The impregna- 
tion of piece goods in the textile finishing plant by 
any of the methods yet tried is believed to be inferior 
to the application of the carbon by the coating proc- 
ess described in the next section. 


27.4 PREPARATION OF CARBON- 
COATED FABRICS? 
27.4.1 Introduction 


Carbon-coated fabrics are prepared by applying a 
mixture of finely ground activated carbon, dispersed 
in a solution of viscose, to the fabric by a standard 
knife-blade coating technique. The viscose is con- 
verted into regenerated cellulose by treatment with 
sulfuric acid, and the fabric is then subjected to a 
series of washings and mechanical treatments to 
soften the fabric and to remove chemicals and loosely 
held carbon. 


27.4.2 Preparation of Herringbone Twill 


Fabric Prior to Coating 


Standard herringbone twill gray cloth woven ac- 
cording to Quartermaster specifications will have a 
filling tensile strength, determined by the “grab” 
method, between 150 psi and the specification mini- 
mum of 80 psi, depending on the spinning and weav- 
ing equipment used by the manufacturer.!? 'The filling 
tensile strengths determined by the "strip" method 
wil be slightly different but will also vary from 
sample to sample.!8 The nonuniformity of the ma- 
terial results from the fact that the amount of yarn 
which must be used to give the fabric a minimum 
weight of 8.5 oz/sq yd is more than is required to 


meet the warp and filling minimum tensile strength 
requirements, and the manufacturer is given the 
option of placing the excess yarn in either the warp 
or the filling. Since the fabric must be napped prior 
to coating, and napping involves a preferential weak- 
ening of the filling threads, the gray fabric used 
should have a minimum filling tensile strength of 
125 psi. The material is uniformly napped on the 
"back" surface of the fabrie to such an extent that 
the filling strength is reduced approximately 55 per 
cent, providing this is not below 60 psi. Following the 
napping, the gray goods are submitted to the usual 
finishing process and finally dyed an olive drab shade 
in accordance with the Quartermaster specifications. 
All traces of soap or synthetic detergent must be 
completely removed by thorough rinsing. 


27.4.3 


The optimum particle size for the carbon to be 
used in the coating process is approximately 25 à. 
Carbon of this particle size mixed with one-half its 
weight of an iron oxide yellow pigment and coated on 
the fabric has an olive drab shade. Material of a 
smaller particle size requires larger amounts of yellow 
pigment to obtain an equivalent shade, and carbon 
of a coarser particle size is not bound so firmly to the 
fabric. National carbon can be ground to an average 
particle size of 25 u by micropulverizing the 12-30 
mesh material and air classifying the ground prod- 
uct. PCI carbon is too hard to be ground in this 
way; however, it should be possible to grind it satis- 
factorily to a similar average particle size by other 
means. 

Anhydrous N-182 National activated carbon ad- 
sorbs water to such an extent that it partially dehy- 
drates the cellulose xanthate solution and irreversibly 
coagulates it. This is avoided by previously mixing 
the carbon with one-half its weight of water and al- 
lowing the carbon-water mixture to stand for 3 days 
to assure uniform distribution of the water through- 
out the material. 


Preparation of Carbon 


27.4.4 


The viscose is prepared in the usual way from 
cellulose, in the form of wood pulp, by the following 
series of steps: 

A. Treatment of the cellulose with concentrated 

sodium hydroxide. 

B. Aging of the alkali cellulose formed in Step A. 

C. Treatment of the aged alkali cellulose with car- 

bon disulfide. 


Preparation of Viscose 
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D. Aging of the cellulose xanthate solution formed 
in (C) for several days until the right viscosity 
is obtained. 

The alkali cellulose (Step B) is usually aged at 18 C 
for 52 hours. Longer aging decreases the viscosity 
of the final viscose solution. The aging of the final 
viscose solution (Step D) is usually carried out at 
18 C for 80 hours. The viscosity of the solution in- 
creases with the time and temperature of aging. The 
final solution has the following physical and chemical 
properties: 


Cellulose content 
Alkali content 


7.9% 
6.6-6.75% 


Viscosity 3,500-4,000 eps at 25 C 
27.4.5 Preparation of Coating Mixture 
The composition of the coating mixture is as fol- 
lows: 
Viscose 72.1% 
Carbon humidified with 50% its weight 
of water 23.8% 
Iron oxide yellow pigment 4.1% 


The viscosity of the coating mixture is between 
20,000 and 25,000 eps at 25 C. The coating mixture 
should be utilized within 6 hours following its initial 
production since its viscosity will remain reasonably 
constant during this period of time. It is essential 
that the viscosity be maintained within a relatively 
narrow range if the coating operation is to be kept 
under satisfactory control. 


27.4.6 Coating and Processing of 


Herringbone ‘Twill 


The coating mixture is applied to the fabric by 
means of a coating machine. The essential parts of 
this machine are two nip rolls to apply the coating 
mixture and an adjustable knife blade to remove the 
excess. The bottom of the two nip rolls is partially im- 
mersed in a trough containing the coating mass and 
picks up the material and applies it to the napped 
side of the herringbone twill as the fabric passes be- 
tween the two rolls. The coated fabric then passes 
over the adjustable knife blade, which removes the 
excess of the coating mixture. The coating film 1s 
partially dried by passing the fabric over steam- 
heated drums, after which the fabric is batched on 
a roll. 

The cellulose xanthate in the viscose film is con- 
verted into regenerated cellulose by passing the 
fabric into a dilute sulfuric acid solution. This is 
followed by rinsing with water, neutralization of the 
remaining acid in the fabric by a dilute ammonia 
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solution, and final rinsing. Following this, the fabric 
is washed in a 0.2 per cent Kalye-A solution in rope 
form in a slack washer. The washing is followed by 
hot and cold rinses to remove any detergent remain- 
ing in the fabric. The fabric is then framed and dried. 
The coated film is further broken up by repeatedly 
passing the fabric over a button breaker (a series of 
rolls studded with metal projections) while the ma- 
terial is maintained under as much tension as possible 
without injuring the fabric. If necessary, the material 
may then be subjected to further washings, or 
vacuum-cleaned to remove loose carbon. The fabric 
is finally Sanforized to insure a maximum shrinkage 
of less than 2 per cent. 


27.4.7 Cost and Production Capacity ” 


It was estimated in 1944 that the cost of producing 
the carbon-coated herringbone twill would be ap- 
proximately as shown in Table 1.!° 


TABLE 1. Estimated cost of producing carbon-coated 
herringbone twill. 


Approximate 
cost per 
finished yard 


Grey goods (403” 69x48 1.55 herringbone twill) 
including freight from Lindale, Ga., to Lewis- 
ton, Me. 

Preparing, dyeing (Vat OD7 shade), and napping 
the fabric including freight from Lewiston, Me., 
to Saylesville, R. I. | 

Carbon-coating treatment including Sanforizing 
but exclusive of the cost of the activated carbon 


Item of cost 


28.40€ 


20.50€ 
13.20€ 





Total, exclusive of the cost of the activated carbon 62.10€ 


A coating machine will coat 1,000-2,000 yards per 
hour, depending on the speed at which the machine 
is operated. The capacity of slack washers and acid 
fixing ranges is approximately 2,000 yards per hour. 
However, several button breakers would be required 
to process the material produced by one coating 
machine, since this is a slow operation. 


27.4.8 Characteristics of Finished Fabric 


The properties of the fabric are summarized in 
Table 2. 


27.4.9 


Several 500-yard runs and one 5,000-yard run have 
been made. The data obtained indicate that the de- 
gree of control achieved in the smaller runs was satis- 
factory. There is less certainty concerning the larger 
size runs because of variations introduced during the 
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TABLE 2. Properties of finished fabric. 


Mean Maximum Minimum 


Fabric characteristics 7 value value value 


1. Tensile strength (grab 
method, lb/in.) 
a. Warp 160 ToU 144 
b. Filling 85 eaa 60 
2. Tear strength (trapezoid 
method, lb) 
a. Warp 
b. Filling 
3. Porosity (cu ft/min/sq ft) 
4. Carbon content (mg/cm?) 
a. Original 
b. After washing and abra- 
sion 
5. Heapacity (ug/em?), N DRC 
titrimeter method * 
a. Original 
b. After washing and abra- 
sion 
6. Stiffness (mean flexural ri- 
gidity) (mg/cm?) 
7. Shrinkage (per cent) 
a. Warp eG 2.0 
b. Filling T 2.0 
8. H resistance times (min), 
CWS Directive 162, 
Edgewood Arsenal re- 
sults 
a. Unwashed 360 
b. Washed and abraded 265 
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processing. It is believed improvements in the coated 
fabric will result if the heating of the fabric following 
the coating operation is reduced to a minimum. The 
best system would be to have the acid-fixing range 
directly attached to the coating machine and not to 
dry the fabric before regenerating with acid. 


27.5 PREPARATION OF CARBON- 
RAYON FABRICS 28 
21.5.1 Introduction 


Carbon-rayon yarn is prepared by dispersing finely 
ground activated carbon in a viscose solution and 
spinning the resulting dispersion by the methods used 
in the preparation of "high tenacity” viscose rayon 
yarn. The carbon-containing yarn is characterized 
by a low tensile strength and a high frictional value; 
accordingly, special techniques must be followed if 
it is to be woven or knit successfully. 


21.9.2 


The optimum size of the carbon to be used in the 
preparation of the carbon-rayon yard is approxi- 
mately 5 u. Coarser material will clog the spinnerets, 
and finer material may be less active because an in- 


Preparation of Carbon 


creasing percentage of the agglomerates of carbon in 
the yarn will be completely surrounded by an H-im- 
permeable cellulose film. In the case of 5-u carbon 
and filaments of 1.5-denier size, few of the carbon 
agglomerates are completely walled off. Most jut out 
through the filaments, thus opening up passageways 
for the diffusion of gases back into the carbon 
agglomerates. 

The carbon is best ground by the “‘micronizing”’ 
process using steam as a carrier gas. This method has 
been found suitable for the grinding of the different 
types of carbon investigated, namely, National car- 
bon types N-44 and N-182, and the PCC and Carlisle 
carbons. Unwhetlerized carbon has been used in all 
Cases. 


ss Preparation of Yarn 


The spinning solution is prepared in the same man- 
ner as for high-tenacity yarn. The N-182 5-u carbon 
is incorporated and the resulting dispersion aged, 
filtered, and spun in the usual manner. In spinning, 
special precautions must be taken to wash all acid 
off the yarn as rapidly as possible. This is done by 
having water drips on the godet and on the spinning 
funnel through which the yarn must pass before en- 
tering the basket. Because of the second water drip, 
the basket must be perforated with holes to allow the 
escape of the wash water. Unfortunately, the yarn 
must be processed in the form of skeins. It has not 
been possible to process the yarn in cake form because 
of excessive shrinkage and consequent breaking of 
the weak yarn. Processing consists essentially of 
thoroughly washing with water and drying. No soaps 
or synthetic detergents are used. 

The amounts of carbon used have been such that 
the yarns contained 20-45 per cent carbon. The 
strengths of such yarns are very low, namely, about 
0.6 g/denier compared with 2 g/denier for cotton and 
ordinary rayon and 5 g/denier for nylon and high- 
tenacity viscose yarn. The aetivity of the carbon 
drops off when less than 20 per cent is in the yarn, 
presumably because the carbon particles are com- 
pletely surrounded by a regenerated cellulose film. 
The carbon exhibits 50-80 per cent of its original 
activity when present in the yarn in the higher con- 
centrations. The most practical percentage must be 
determined by balancing ease of fabrication and 
durability on wear against the activity of the carbon. 
In the case of N-182 carbon, wear and chamber trials 
carried out shortly before the end of hostilities indi- 
cated the best balance would be achieved when the 
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yarn contained 25-28 per cent carbon.?* The proper- 
ties of yarn containing 30 per cent N-182 carbon are 
as follows: 


Dry strength 
Wet strength 
Extensibility 
Frictional value 


0.6 g/denier 

Practically zero g/denier 
12-15% 

Very high 


21.5.4 Weaving of Fabric 


In the preparation of woven fabries, the carbon- 
rayon yarn was used exclusively in the filling because 
of the increased ease of fabrication and the antici- 
pated better wearing qualities. Due to the low 
strength characteristics of the carbon-rayon yarn, it 
was necessary to incorporate supporting yarns in 
the filling to increase the dry and wet strengths of the 
fabric. This was accomplished in two different ways. 
In the early experiments, a box loom was employed, 
and alternate filling threads were of carbon-rayon 
and of cotton (Costa fabric *). A better method in- 
volves plying the carbon-rayon yarn with nylon prior 
to weaving. A double twill construction, which is not 
apparent to the uninitiated, enables a major portion 
of the carbon-rayon yarn to be sandwiched between 
the two twill layers and thereby increases the dura- 
bility of the fabric to wear. The characteristics of the 
NDRC Carbon-Rayon Twill, Series 148, Type 176, 
were as follows: 


Construction: Double 2x1 twill, 100 warp ends, 108 picks 

Warp: 60/2 cotton dyed OD7 

Filling: 32% CWS N-182 carbon yarn, 350 denier /200 fila- 
ment. Plied with 30/10 nylon (undyed) 5 turns Z, 
then plied with 105/34 nylon (dyed OD7) 5 turns Z. 

Carbon content: 6.0 mg/cm? 

Physical characteristics: 


Weight: » 10 oz/sq yd 
Warp tensile strength: ^ 
Dry 113 Ib /in. 
Wet 93 Ib /in. 
Filling tensile strength: 5 
Dry 115 Ib /in. 
Wet 146 Ib /in. 
Permeability:^ 43 cu ft/sq ft/min at 0.5 in. water 


pressure. 
Abrasion resistance: 8.6% loss in weight of fabric after 
2,400 rubs in Wyzenbeck abrasion meter at 3 pounds 
pressure and 3 pounds tension. 
Resistance to H vapor: 
CWS method (Directive 162. Edgewood Arsenal result) :> 
320 min 
NDRC titrimeter method *^ (39 ug H in 44 ml air ap- 
plied/min/em? at. 25 C) 
Capacity at 9995 retention effieiency: 1,500 ug/em? 
Capacity at 9595 retention efficiency: 2,100 ug/cm? 
Capacity at 90% retention efficiency: 2,500 ug /cm? 


^ Data obtained on Sample No. 148 of nearly identical 
construction. 
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Five thousand yards of the above material were 
produced and evaluated by the Naval Research 
Laboratory in wear and chamber trials.?—? 5 [t is 
anticipated that a similarly constructed double twill 
fabric in which the filling yarn contains 25-28 per 
cent activated carbon and is plied twice with 70/23 
nylon will be superior from the standpoint of number 
of chamber exposures protected against after severe 
wear.” 

The weaving of the material is slower than the 
weaving of herringbone twill since the fabric has 
116 picks/in. instead of 45—50, and the loom efficiency 
is not so high as in the weaving of a cotton fabric. 
However, the experience obtained in the preparation 
of the 6,000 yards indicated that commercial produc- 
tion is feasible. Following the weaving, the fabric is 
given a water rinse, Sanforized, and dried. Soaps must 
not be used, and synthetic detergents should be 
avoided. Figure 1 is a diagram of the textile construc- 
tion. 

A fabric similar to that described above can be 
woven using a carbon-rayon yarn prepared from a 
staple fiber cotton blend. Indications were obtained 
that garments prepared from such a fabric (Sample 
No. 155) * had superior wearing qualities.??5 Enough 
work has not been done to demonstrate the practica- 
bility of carrying out the necessary manufacturing 
operations on standard textile machinery. The fabrie 
is somewhat heavier and not so flexible as the fabrie 
prepared from continuous filament yarn. Garments 
prepared from fabries (Samples 190 and 191) similar 
to the NDRC Carbon-Rayon Twill, Series 148, Type 
176 but containing 34 per cent PCC activated carbon 
instead of 32 per cent N-182 activated carbon per- 
formed as well as the Type 176 garments in a wearing 
trial and chamber test supervised by the Naval Re- 
search Laboratory.?*?5 [f confirmed by future work, 
this would demonstrate that PCC carbon can be 
substituted for the N-182 carbon without sacrifice. 
Laboratory evaluation indicates the fabries carrying 
the PCC carbon to be inferior to those prepared from 
the N-182 carbon. 


27.5.5 Preparation of Knit Fabrics 


A heavy knit fabric can be prepared from carbon- 
rayon yarn by the use of a Tompkins knitting ma- 
chine. The physical and textile characteristics of such 
a fabric are as follows: 

Construction: 32% CWS N-182 carbon yarn 350 denier, 


200 filament plied with 58/1 cotton, knit on Tompkins 
machine with one end carbon yarn and two ends 24/1 
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FIGURE 1. 







Diagram of textile construction of carbon-rayon double twill fabrics. 


Diagram shows warp to be centered in harness comprising 12 shafts. Repeat of weave consists of 12 ends and 48 picks. Odd warp ends are 


used to provide covering of one side; even warp ends, of other side of cloth. 


affording more room and protecting it against abrasion.!” 


cotton for the face and the same combination for the 
back. 
Carbon content: Approximately 6 mg carbon/em? 
Weight unwashed: 15.3 oz/sq yd 
Weight washed: 17.6 oz/sq yd 
Resistance to H vapor: NDRC titrimeter method? (60 
ug H in 52 ml air applied/min/cm? at 25 C) 
Capacity at 98% retention efficiency: 400 ug/em? 
Capacity at 9095 retention efficiency: 2,300 ug/em? 


NDRC Carbon-Rayon Knit Fabric — Sample 180 
corresponds to the above. It is believed that lighter 
fabrics involving the use of 200-denier carbon-rayon 
yarn and 30/1 cotton can also be knit commercially 
on a Tompkins machine, but this has not been satis- 
factorily demonstrated. 

A large number of experiments have been carried 
out to make possible the use of other types of knitting 
machines. Due to the fraying and the frictional char- 
acteristics of the unlubricated carbon-rayon yarn, 
all these attempts have been unsuccessful. The 
Tompkins machine is unique in that it does not have 
sinker slots to become clogged. A large number of 
experiments have also been carried out to develop a 
successful lubricant for the yarn so that the other 
types of machines can be used. Laboratory data indi- 
cated the use of 40 per cent Carbowax on the yarn to 
be preferable to other lubricants; however, a knit 
fabric prepared from such yarn gave evidence of 
inadequately protecting subjects when worn in the 
form of shorts under chamber conditions.*1’ 


27.5.6 Use of Synthetic Fibers Other 


than Viscose Rayon 


Synthetic fibers containing activated carbon have 
been prepared using various cellulose acetate com- 
positions,®® and various vinyl copolymers.* It was 
found in preliminary experiments that plain fabrics 


Filling is imprisoned between 2 layers of warp ends, thus 


woven from the cellulose acetate yarns containing 
10-15 per cent activated carbon appeared inferior 
when evaluated by the NDRC titrimeter method.‘ 
Two types of fabrics prepared from vinyon yarn * 
containing 25 per cent carbon performed very well in 
the NDRC titrimeter test.* One was an experimental 
hand-woven fabric with large carbon-vinyon yarns 
in both the warp and the filling. This fabric was pre- 
pared to simulate a filter cloth and was unsuitable 
for the preparation of garments. The other was a 
light-weight woven fabric prepared from cotton- 
vinyon staple fiber. A preliminary arm-chamber 
evaluation of this material at the Naval Research 
Laboratory indicated it to be slightly inferior to the 
carbon-coated fabric.”! Since no facilities were avail- 
able for the production of the material even if further 
work had created a demand, work on vinyon-carbon 
fabrics was discontinued. 


27.5.7 Present Status 


It has been demonstrated that woven fabric con- 
taining continuous filament carbon-rayon yarn can 
be produced using standard textile equipment. The 
material has a higher carbon content per unit area 
than other types of carbon fabrics and has a desirable 
“hand.” Its protective properties after severe wear 
are superior to that of other carbon fabrics. However, 
its durability in wear is inferior to herringbone twill 
coated or impregnated with carbon, the increase in 
weight on wetting with water is greater, and the cost 
is estimated to be approximately twice that of the 
coated fabric. The thorough evaluation of the 6,000 
yards of woven fabric should provide a basis for 
future decisions concerning the value of the material. 
The woven fabrics prepared from the carbon-rayon 
staple fiber and the knit fabrics prepared from the 
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continuous filament yarn have not been produced on 
a large enough scale or evaluated thoroughly enough 
to enable a decision to be reached as to their value. 
The knit fabrice would seem to have only limited 
usefulness in the preparation of underwear and socks 
because ot its weight and textile construction, but 


it should be well suited for the preparation of 
gloves. 

Cellulose acetate carbon yarns do not appear 
promising, but vinyon and other synthetic yarns 
containing earbon should be more thoroughly in- 
vestigated. 





Chapter 28 


DETERIORATION, LAUNDERING, AND DECONTAMINATION OF 
CARBON-TREATED FABRICS 


By Homer Adkins and Wilkins Reeve 


28.1 INTRODUCTION 


HE EXTENT of deterioration of carbon-treated 
I... fabrics has been studied under a va- 
riety of experimental conditions in order to assess 
better their probable protective value in the field. To 
be of practical value under field conditions, protective 
garments must not only provide a reasonable degree 
of protection when new but must retain an appreci- 
able percentage of their original protective properties 
after being subjected to those conditions which will 
be encountered in practice, namely, storage, wear (in- 
cluding perspiration and soil), laundering, and de- 
contamination. Carbon garments (by "carbon" or 
“chloramide” fabrics or garments is meant “‘car- 
bon-treated” or "'ehloramide-treated" fabrics or 
garments) prepared by a variety of procedures are 
characterized by outstanding storage stability. They 
are partially inactivated by treatment with fuel oil 
or perspiration. Chapter 27 should be consulted for 
a description of the fabrics discussed in this chapter. 

Methods of laundering and decontaminating car- 
bon fabrics have been investigated and a practical 
procedure developed which both cleanses the gar- 
ment and removes the major part of whatever ad- 
sorbed H_ [bis(6-chloroethyl) sulfide] is present. 
Ordinary soap cannot be used because it inactivates 
the carbon. 


DETERIORATION ON STORAGE 
AND EXPOSURE TO ATMOSPHERE *71916 


20.2 


Samples of carbon-coated herringbone twill, car- 
bon-impregnated herringbone twill, and carbon-rayon 


fabric have been subjected for several months to out- 
door exposure and to simulated tropical storage. 

In the outdoor exposure tests, samples were ex- 
posed from May to November on 45-degree angle 
racks facing south. Exposures were carried out in 
Washington, D.C., and in Florida. H penetration 
times were determined by the Naval Research 
Laboratory method (see Chapter 29) each month. 
The penetration times decreased during the first 
month except in the case of the carbon-rayon fabric 
(Table 1). After this initial decrease, the penetration 
times remained substantially unchanged during the 
succeeding months except in the case of the carbon- 
impregnated herringbone twill prepared by the zinc 
ammonium alginate process, which showed signs of 
failure after 4 months. This length of time under the 
exposure conditions employed is equivalent to a much 
longer period of wear than would ever be encountered 
in practice. 

Storage tests have been carried out to determine 
the decrease in H resistance of carbon fabrics stored 
at room temperature and under simulated tropical 
storage conditions both alone and with chloramide- 
impregnated fabrics. When stored at room tempera- 
ture, the chloramide fabrics have little effect on the 
H resistance of the carbon fabrics. Under simulated 
tropical storage conditions, the carbon-coated fabric 
stored with chloramide fabrics was adversely affected ; 
the penetration time of the carbon-rayon fabric was 
not decreased on storage with aqueous-impregnated 
chloramide fabric, but the penetration time was 
halved after storage with solvent-impregnated chlora- 
mide fabric. The data are given in Table 2. 

The deterioration of carbon fabrics prepared with 


TABLE 1. H resistance times (NRL method) of carbon-treated fabries after outdoor exposure." 








Carbon-coated fabric 


(March model) 
Exposure (Wash.) ( Florida) 
Original value 411 min 
] month 238 264 
2 months 148 270 
3 months 207 243 
4 months 227 216 
5 months 200 212 
6 months 266 275 


Carbon-rayon fabric Carbon-impregnated 


(Costa fabric) fabric (May model) 

(Wash. ) (Florida) (Wash. ) 

572 min 410 min 
578 299 242 
286 264 324 
580 475 s 
590 483 324 
547 519 107 
778 651 E 
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TABLE 2. H resistance times (NRL method) of carbon- 
treated fabrics stored with chloramide-treated cloths.” 


Penetration time (NRL method) 
carbon-coated ^ carbon-rayon 


fabrie fabric 
Storage conditions (March model) (Costa fabric) 

Original value 411 min 572 min 
6 mo 110 F/75% RH ZPTGJUISM |. Lc. 
6 mo 110 F/75% RH + sol- 

vent chloramide cloth 64 min 270 min 
6 mo 110 F/75% RH + aque- 

ous chloramide cloth 30 min 700 min 
6 mo room temperature + sol- 

vent chloramide cloth 350 min 545 min 
6 mo room temperature + 

aqueous chloramide cloth 336 min 429 min 


rubber latex as a binder had been investigated earlier 
in the United Kingdom and found to be rapid under 
certain conditions.* To a certain extent, this was 
caused by the degradation of the binder and subse- 
quent adsorption by the carbon of the decomposition 
products. On exposure to the atmosphere, the British 
fabrics suffered a loss of protective times, as meas- 
ured by the Spotted Dick procedure, of such a magni- 
tude that the penetration time of a fabric having an 
initial value of 140 minutes would decrease to 10 
minutes after 6 weeks’ exposure. It was shown that 
this loss was due to the adsorption of an atmospheric 
impurity rather than to a breakdown of the rubber 
latex binder, since fabrics containing no binder be- 
haved in a similar manner. The activity could be 
completely restored by an acetone extraction unless 
the exposure had been at a temperature of 104 F or 
higher, in which case the fabric could not be revivi- 
fied. Strong sunlight had a similar effect, but to a 
lesser degree. Penetration times of fabrics stored 2 
weeks at a temperature of 104 F under moist con- 
ditions were reduced to 15 per cent of their original 
value and could not be restored by acetone extraction. 


DETERIORATION DUE TO TREAT- 
MENT WITH VARIOUS SUBSTANCES 


The resistance of carbon fabrics to H vapor, as 
determined in the laboratory, is not lost on treat- 
ment with a wide variety of water-soluble polar re- 
agents, including such widely diverse compounds as 
low molecular weight alcohols (no appreciable ef- 
fect),? cellulose xanthate (used in preparation of 
carbon-coated and carbon-rayon fabrics)? and solu- 
tions of hypochlorites (candidate decontaminants).! 

Volatile solvents, such as gasoline and toluene, 
have little or no effect.?* Only a limited number of 
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chamber evaluations have been carried out to con- 
firm the conclusions arrived at on the basis of the 
National Defense Research Committee [NDRC] 
titrimeter H resistance tests. In the case of the 
Series 148 carbon-rayon fabrics, the number of 
standard chamber exposures for which subjects are 
protected against H vapor may be decreased from 
ten to seven following a mild laundering with Kalye-A 
(an inorganic detergent composed of 75 per cent 
sodium metasilicate and 25 per cent tetrasodium 
pyrophosphate), even though the laboratory test in- 
dicates but little change in the fabric.!* After this 
initial decrease, the number of chamber exposures 
withstood by subjects is relatively constant regard- 
less of whether the initial decrease is caused by wash- 
ing the garments with 0.2 per cent Kalye-A, or by 
first subjecting the garments to a series of chamber 
exposures and then laundering with Kalye-A. 

Inactivation of the carbon may be due to either the 
preferential adsorption of another material or the 
mechanical coating of the activated carbon by an 
H-resistant film. In the first case, H adsorbed on the 
carbon may be desorbed, and further adsorption of 
H is prevented. In the second case, the carbon may 
still be active, but it is not possible for the H vapor 
to come in contact with it. The following sections list 
the substances known to inactivate the carbon. 


MINERAL OIL °? 

Chamber tests with human subjects have shown 
that carbon-rayon garments leak or desorb H vapor 
where fuel oil has been spilled. Rubbing H vapor- 
contaminated carbon-rayon garments with an oil- 
saturated rag causes the desorption of previously ad- 
sorbed H. Carbon garments contaminated with oil 
can be laundered with Kalye-A and restored to ap- 
proximately their original activity. It 1s apparent 
that garments grossly contaminated with oil should 
not be worn. Traces of oil, such as would be obtained 
from handling rifles, are believed to be without effect. 


8-330 OINTMENT ° 

It has been demonstrated in chamber tests that 
garments prepared from the carbon-rayon fabrics and 
worn in contact with S-330 ointment provide less 
protection than the carbon-rayon fabries uncon- 
taminated by 8-330 ointment. It is believed that the 
triacetin vehicle of the ointment is preferentially ad- 
sorbed by the carbon. 


SOAP AND SYNTHETIC DETERGENTS 
Treatment of carbon fabrics with soap solutions 
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under the usual laundering conditions causes the 
adsorptive capacity of the carbon fabric to fall to 
one-third to one-half its original value.?-* The extent 
of the decrease depends on the presence of builders, 
the concentration of the soap, etc. The addition of 
certain compounds such as ammonium hydroxide 
and sodium phosphate lessens the loss in penetration 
time. Synthetic detergents such as Kalye-A, Nac- 
conol NR (an alkyl naphthalene sulfonic acid sodium 
salt), and Triton 770 (sodium aryl alkyl polyether 
sulfate) caused much less loss in the penetration 
time than did soap.!-*74 Of these, Kalye-A is pre- 
ferred.?:4 Carbon-coated fabrics having an initial 
penetration time of 170-190 minutes unlaundered 
had a penetration time of 97 minutes after five 
launderings with a 0.2 per cent Kalye-A solution at 
160 F; with a 0.5 per cent Triton 770 solution con- 
taining 0.25 per cent ammonium carbonate, the 
corresponding value was 45 minutes.” 


PERSPIRATION !974 


The rapid decrease in the protective properties of 
earbon-rayon and carbon-coated garments on wear 
is due in part to the loss of carbon, but mostly to the 
inactivation of the carbon by perspiration. Data ob- 
tained following the second Marine wearing trial at 
Camp Lejeune, North Carolina, in 1945 show that 
carbon-rayon garments (Type 176) after 2 weeks’ 
wear provided adequate protection for two 1-hour 
exposures against H at a concentration of 10 ug/l. 
New garments protect for an average of 4.5 exposures 
against 40 ug/l. Carbon analyses on the same gar- 
ments indicate that approximately 22 per cent of the 
earbon was lost during this period. Following this 
initial rapid decrease, the loss in the protective 
properties of the carbon-rayon garments during the 
subsequent part of the wearing trial was in propor- 
tion to the loss of carbon from the garment. In the 
case of the carbon-coated fabric, carbon analyses in- 
dicated one-half of the carbon to be lost after 4 weeks’ 


wear. In the chamber, the garments protected for 
an average of 1.6 1-hour exposures against 5 ug/l, 
whereas the new garments provided protection for 
six 1-hour exposures against 20 ug/l. The data corre- 
lating the loss in protective properties as measured 
by chamber exposures and the loss of carbon for the 
carbon-coated (8-38 run) and the carbon-rayon 
twill (Series 176) are given in Table 3. 


283.4 LAUNDERING AND DRY CLEANING 
OF CARBON-TREATED FABRICS 


The preferred laundering procedure for all types of 
carbon fabrics involves treatment at approximately 
150 F for a 15-minute period with 0.2—0.5 per cent 
Kalye-A followed by three 5-minute rinses with 
water.?:?:!4 The use of Kalye-A is recommended be- 
cause, unlike soap, it has little effect on the ad- 
sorptive properties of the carbon as measured in the 
laboratory? and by chamber tests.'* It is almost 
certain that the effectiveness of carbon garments as 
evaluated in a toxic gas chamber will be seriously 
impaired by one or more launderings with soap al- 
though there are no chamber data bearing on this 
point. Garments laundered with Kalye-A are ef- 
fectively cleansed of dirt, oil, and rosin, and, in addi- 
tion, any H, HNI, or HN3 adsorbed on the carbon 
is nearly completely removed.’ ?*4 The tensile 
strength of the carbon fabrics is not materially 
lessened by the laundering treatment.? Nacconol NR 
has been used to launder carbon fabrics, but pro- 
gressive loss of activity results.*’’ 

Early British work showed the Spotted Dick pene- 
tration times of their carbon fabrics to be relatively 
unaffected by low boiling candidate dry-cleaning 
solvents such as petroleum ether (bp 60-80 C), car- 
bon tetrachloride (bp 77 C), or trichloroethylene 
(bp 87 C). On the other hand, decaline (bp 190 C), 
and a petroleum fraction distilling around 180 C 
caused a major loss in penetration time.” 


TABLE 3. Chamber tests with and carbon contents of worn carbon-treated garments.!°—}# 


Fabric 


NDRC Carbon-Rayon Twill, 
Type 148, Series 176 
NRL chamber exposures 


New 


4.5 exp. to 40 ug/l 


% of original carbon content 100 
NDRC Carbon-Coated Fabric, 
Run 5-38 
NRL chamber exposures 6 exp. to 20 ug/l 


Y, of original carbon content 100 


2 weeks’ wear 


2 exp. to 10 ug/l 
78 


Chamber exposures before break point 
4 weeks’ wear 6 weeks’ wear 


2.2 exp. to 5 ug/l ] exp. to 5 ug/l 
53 25 


1.6 exp. to 5 ug/l 
54 
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Carbon-coated fabrics have had their H vapor 
penetration times reduced by over 50 per cent after 
being sprayed with a light machine oil or kerosene. 
After soaking the kerosene-contaminated fabric in 
tetrachloroethylene, toluene, or low molecular weight 
aliphatic alcohols, and air drying, the H penetra- 
tion times were raised to more than their original 
values.” 4 

Chamber tests have been carried out on carbon- 
coated garments which were exposed on subjects to 
H vapor until the suits failed to protect, laundered 
with Kalye-A (this treatment proved to be of rela- 
tively little value in this one case), and again exposed 
until the suits tailed to protect. Soaking the garments 
in trichloroethylene reactivated the garments suf- 
ficiently so that subjects were protected for two ex- 
posures in the chamber compared with an original 
value of three.®-7 


DECONTAMINATION OF CARBON- 
TREATED FABRICS 


28.5 


The removal of H from a carbon fabric by a 15-min- 
ute Kalye-A laundering has been shown to be most 
complete at a high temperature (175 F) with 0.5 per 
cent Kalye-A solution; if a lower temperature is em- 
ployed, the concentration of Kalye-A should be in- 
creased.! Fabrics which were treated with five cycles 
of contamination with H vapor and decontamination 
with 0.5 per cent Kalye-A solution at 175 F have 
shown little loss in their ability to adsorb H as shown 
by retention efficiency measurements.! Chamber 


DETERIORATION, ETC., OF CARBON-TREATED FABRICS 


data indicate garments subjected to five cycles of a 
similar nature will protect subjects for 25—45 per cent 
of the time new garments will protect.'* Garments 
were found to protect for approximately two-thirds 
the time of new garments when laundered once under 
the above conditions on a plant scale and worn by 
subjects exposed to H vapor under the usual cham- 
ber conditions.'* Under plant conditions, the 175 F 
laundering causes excessive removal of the carbon 
from carbon-rayon fabrics.!** For these reasons, 
laundering at 150 F is preferable. 

Other rapid methods tor the decontamination of 
garments contaminated with the vapors of H, HN1, 
or HN3 include (1) boiling with water, (2) immersion 
in cold aqueous suspensions of a chloramide such as 
RH-195 containing sodium carbonate as a buffer, and 
(3) immersion in bleach slurries.! These treatments 
do not injure the tensile properties of the fabric, 
and may be of value for the decontamination of car- 
bon clothing under emergency conditions in the 
field.! 

Carbon garments contaminated with either H, 
HNI, or HN3 are self-decontaminating if stored for 
a few days under conditions of high humidity. In the 
case of HN1 and HN3, this process is quite rapid 
under Washington summer conditions. Even with 
H, however, storage at 80 F and 95 per cent relative 
humidity for 7 days causes the "active" H content 
of carbon-rayon fabrics containing 800 ug/em? to 
decrease to 87 ug/cm?. No pronounced loss of H, 
HNI, and HN3 oceurs at relative humidities of less 
than 50 per cent.? 
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LABORATORY EVALUATION OF PROBABLE PROTECTIVE VALUE 
OF FABRICS. 


By Homer Adkins and Wilkins Reeve 


INTRODUCTION 


in REAL EFFECTIVENESS of a fabric in protecting 
a man against a vesicant can be ascertained only 
by men wearing garments made of the fabric, in a 
toxic atmosphere under realistic conditions. How- 
ever, a laboratory method for comparing the probable 
protective value of fabrics is essential as a guide for 
research in the development and improvement of 
protective fabrics. The ultimate objective of this 
research is to produce fabrics that will protect men 
for a reasonable period against the concentrations of 
mustard gas (H) or other vesicants which are likely 
to be encountered in the field. However, the im- 
mediate objective is to develop fabries which will 
withstand as long as possible the inevitable deteriora- 
tion in the protective value of a fabrie which occurs 
during storage, wear, and laundering, before it 1s 
called upon to protect the wearer. Many fabrics are 
sufficiently protective when first made, but this is not 
sufficient. An acceptable fabric is one that provides 
a reserve against deterioration in protective value. 

A laboratory method for evaluating protective 
fabrics should make it possible to determine quickly 
and rather accurately the capacity of the fabric for 
detoxifying or adsorbing H. It should also indicate 
the efficiency or completeness with which the toxic 
agent is removed from an airstream passing through 
the fabric. 


29.1 


29.2 TEST PROCEDURES 


The methods available from the Armed Services 
did not prove to be entirely satisfactory. The British 
Spotted Dick test was the simplest procedure avail- 
able for estimating the protection afforded by perme- 
able materials, and was used early in the cloth-testing 
program.?:? [t is carried out by placing à drop of H 
in a small cavity beneath a sample of the material 
to be evaluated. The cloth is covered with à paper 
containing sodium carbonate, and this in turn is 
covered with an indicator paper consisting of Congo 
red paper spotted with a chloramide. Diffusion of H 
through the fabric and reaction with the chloramide 
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on the test paper releases hydrogen chloride, which 
causes the appearance of a blue color on the test 
paper. The “protective time’ is the time elapsing 
before the blue color develops. The procedure is rapid 
and no elaborate equipment is necessary. However, 
in the course of a considerable number of tests carried 
out under National Defense Research Committee 
[NDRC contracts? the method was found to have 
serious disadvantages. In particular, there is a very 
large day-to-day variation in the results obtained, 
and a quantitative measure of the amount of H 
detoxified or penetrating the fabric is not ob- 
tained. 

In a test developed at the Naval Research Labora- 
tory [NRL], air saturated with H at 30 C is kept in 
motion by a fan on one side of a fabric sample 46 sq 
cm in area. A current of clean air is passed over the 
other surface of the cloth at the rate of 200 ml/min, 
and carries the H diffusing through the sample into 
a bubbler containing 5 ml of 0.001N auric chloride 
solution. Each bubbler is equivalent to 0.6-0.9 mg of 
H, the end point being determined potentiometrically. 
The operation is repeated and, for successive meas- 
urements, concentration of H in the air current 1s 
plotted against time as measured from the beginning 
of the test. "Break time" for a sample is the period 
elapsing until the concentration of H in the air 
reaches 50 ug/l. The humidity of air passing over the 
sample can be adjusted in the NRL procedure, and 
the concentration of H in the applied air can be 
readily varied.® 

The NRL procedure was designed in the hope that 
it would correspond more clearly to conditions en- 
countered in actual warfare than the Chemical War- 
fare Service [CWS ] dynamic test described below. In 
the latter, air is forced through the cloth, whereas it 
had been found that when air blows against cloth, as 
in a strong wind, only a very small proportion 
actually penetrates the material. However, the NRL 
procedure has disadvantages, perhaps the greatest 
of which is that there is no way of determining how 
much H has been actually applied or prevented from 
passing through the sample and, consequently, no 
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way of determining the efficiency and capacity of a 
protective material. 

A later procedure developed at the NRL involves 
applying à measured amount of H vapor to one side 
of a permeable fabric and measuring the amount 
which diffuses through. The results of this test have 
been compared with chamber data; the bibliography 
should be consulted for a discussion of these data. 

In the CWS dynamic method, according to their 
Directive 162, air 80-85 per cent saturated with H, 
carrying 1.05—1.20, or, on the average, 1.13 mg/l, is 
passed through a sample of cloth at a rate of 200 ml 
of air per minute. Thus, on the average, 0.23 mg of H 
passes into the sample per minute. The area of the 
sample specified is 50 square centimeters, and, during 
the test, the whole apparatus is held at 30 C. The 
"protection" or "resistance time" is the period elaps- 
ing before 4.8 mg of H has penetrated the sample of 
fabric under test. This is the time required to de- 
colorize three 10-ml portions of 0.004N potassium 
dichromate in 20 per cent sulfuric acid at 80 C. It is 
assumed that 1.6 mg of H is required for the de- 
colorization of one bubbler holding 10 ml of the 
dichromate solution. The protection time is the sum 
of the times required todecolorize each 10-ml portion, 
less 22 minutes, the time required to decolorize the 
three portions when no sample is in the fabric 
holder.* 

The CWS method makes it possible to assign to a 
fabric a single numerical value which, it was hoped, 
would indicate the protective value of the fabric 
when worn in an atmosphere containing H. The 
method was developed in response to a desire for a 
procedure whereby samples could be rapidly and 
routinely evaluated. The method suffers certain dis- 
advantages. The area of the sample is such that it 
has not been feasible to obtain a uniform distribution 
of the airstream over the surface of the fabric. The 
method of determining the concentration of H in the 
airstream is rather reliable for air highly saturated 
with H, but the accuracy of the dichromate deter- 
mination of H concentrations of 10-30 ug/l is not 
good. Experience has shown that it is not feasible to 
modify the method, as by changing the size of the 
sample, without getting into serious difficulty. 

It seemed that the CWS dynamic test was sound in 
principle, but could be improved in several respects. 
Because the H is not uniformly distributed over the 
sample, the extent of reaction with H vapor in dif- 
ferent portions of the sample differed with different 
protective agents. It is not possible, with the CWS 


LABORATORY EVALUATION OF PROBABLE PROTECTIVE VALUE OF FABRICS 


dynamic method as described in Directive 162,5 to 
determine the changes in retention efficiency with 
increased application of H to the fabric, and to dif- 
ferentiate clearly between the retention efficiency and 
the capacity of a fabric for detoxifying H. If de- 
pendence were placed on the CWS test, a low but 
adequate capacity in a fabric would sometimes ob- 
scure a high retention efficiency, whereas an un- 
usually high capacity would sometimes obscure a 
dangerously low retention efficiency. Tests made by 
the CWS method indicated that S-461 was superior 
to CC-2 as an impregnite, although, in fact, S-461 is 
less effective than is CC-2. 

It was felt that a sound test method would show 
the progressive change in the efficiency of the re- 
moval of H from the airstream by the fabric as the 
active agent was exhausted. The objective was to 
express the results in terms of the effectiveness of 
removing H from an airstream (retention efficiency) 
for the application of known amounts of H per unit 
area of fabric. The method which was ultimately 
adopted as embodying these characteristics utilized 
the Northrup titrimeter for ascertaining the reten- 
tion efficiency and capacity of fabrics for detoxify- 
ing H.! 

The reaction of bromine with H proceeds through 
formation of an addition product which decomposes 
slowly to form the sulfoxide: 


(CICH:CH32):5 + Dh H.O 
(CICH;CH;);SBr,—— —-(CICH;CH3;),SO 


In the Northrup titrimeter, H from an airstream is 
absorbed in a half cell containing 0.10M sulfuric 
acid in which is immersed a platinum electrode. This 
is connected to a standard half cell (silver electrode 
in 0.10 M silver nitrate) with a potential equal to 
that attained at the end point of the bromine-mustard 
titration. Since the addition of bromine to H is not a 
reversible oxidation-reduction reaction, no Cefinite 
potential is set up in the titration cell, even in the 
presence of H, until an excess of bromine has been 
added. The burette remains open until the end point 
has been exceeded, when a large positive potential, 
depending on the Br?/Br- ratio, is set up. A current 
then flows through a galvanometer circuit, and the 
burette is closed either manually or automatically by 
means of a photoelectric cell and relay.'^? The pre- 
ferred titrimeter was equipped with an automatic re- 
cording unit, which marked the opening and closing 
of the burette on a paper-covered drum revolving at a 
constant, known speed. The instrument gives an 
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FIGURE 1. 
by Northrup titrimeter. 
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H concentration in effluent airstream versus total H applied to carbon fabrics. 
Curves represent average of two sets of values except I, II, and III. 
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Conditions 


Rate of H application: 10 ug /min /ecm? 
Rate of air application: 10 ml/min/cem? 


Exposed area of sample: 


7.5 em? 


Bromine concentration: 10™ molar 
Recorder setting: 6-min collections, 6-min titration 
Basis of calculations: 85% adsorption of H in titration cell 





Fabrics 
Carbon 
No. Type Source, Designation mg /cm? 
I Carbon-rayon twill American Viscose, 148 5.9 
II Hand-woven ` Vinyon N” Carbide and Carbon, 38-A (25% by weight) 
III Carbon-rayon, taffeta weave Woonsocket Rayon, Costa 31805 6 
IV Carbon-rayon twill American Viscose, 148-A 5.7 
V Carbon-impregnated HBT, Type B Rohm and Hass, B-193 4.5 
VI Carbon-coated, HBT Kendall Mills, August Model No. 1 dod 
VII Carbon-coated HBT, button broken Kendall Mills, S-31-2 di 
VIII Vinyon-cotton blend spun yarn fabric Carbide and Carbon 2.8 
IX Carbon-coated HBT Kendall Mills, October Model 3.7 
X Carbon-impregnated HBT, Type A Rohm and Haas, B-191 3.6 
XI Carbon-rayon twill American Viscose, 127 5.0 
XII Carbon-rayon twill American Viscose, 110 4.3 





accurate and almost continuous record of the con- 
centration of H in the air which has passed through 
the fabric. 

There are two objectives in setting up a testing 
method, which are somewhat incompatible with each 
other. One is to obtain a method by which a sample 
can be evaluated rapidly; the other is to test the 
fabric with air contaminated to the level which 
may be expected in the field. The most convenient 
concentration of H vapor for rapid determination 1s, 
as in the CWS method, 800—1,200 ug/l of air, whereas 


a concentration of 10-50 ug/l would be encountered 
in the field.* 

There is little basis for a judgment as to the most 
realistic rate of application of H and air to the fabric, 
primarily because we do not know at what rate air 
passes through a garment worn by a man moving in 
air at various rates up to 20 mph. The average rate 
of flow through the fabric, according to the standard 
dynamic CWS test,® is only a few thousandths of a 
mile an hour. This may seem to be unrealistic, and it 
might seem that a soldier in the field would not 
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normally be in an atmosphere so nearly static. On 
the other hand, it well may be that the rate of air 
passage through a garment is of this order of magni- 
tude, even when the individual is walking in a brisk 
wind. The actual rate of airflow through the sample, 
under CWS Directive 162,° is not known, since the 
rate varies at different points in the sample. If the 
distribution were uniform over the whole area of the 
sample, it would be 4 ml/min/cm? of fabric. 

For the NDRC titrimeter method, two rates of air- 
flow were ultimately chosen, 1.e., 20 liters per hr or 44 
ml/min/em? (exposed area of cloth was 7.5 cm?), and 
4.5 liters per hr or 10 ml/min/em?. The rate of H 
application to a test sample was varied not only by a 
change in the airflow,but also by reducing the concen- 
tration of vesicant in the air at a given rate of airflow 
through the use of di-n-butyl phthalate to dilute the 
H in the saturator, as practiced at the Naval Research 
Laboratory. By a combination of these two devices, 
a wide range of application rates was available. Of 
these, the preferred rates were: an airflow of 20 liters 
per hr through pure H, which resulted in the applica- 
tion of 38 ug of H (0.038 mg) per minute to each square 
centimeter of cloth; or an air flow of 4.5 liters per hr 
through a solution of H in dibutyl phthalate, contain- 
ing about 0.2 mole fraction of the former, which per- 
mitted the application to a sample of about 2 ug/ 
min/cm?. The first set of conditions, used for routine 
tests, was rapid and gave satisfactory results in the 
evaluation of materials which had capacities of 200— 
300 ug/cm? and higher. 'T'he second set of conditions, 
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in which the concentration of H 1s similar to that en- 
countered in the field, was used in the testing of 
badly deteriorated fabries, the H retentions of which 
were so low that no significant results could be ob- 
tained at a high rate of vesicant application. In ad- 
dition, information was obtained about the retention 
efficiencies at very low H applications of materials of 
high capacity, although measurement of the ca- 
pacities themselves was not practicable at so low 
an application rate, because of the time required.! 

The results of the titrimeter method are best ex- 
pressed in the form of a curve. The amount of H, ap- 
plied to the sample in milligrams of H per square 
centimeter of fabric, is plotted against the concentra- 
tion of H in the air which has passed through the 
sample. Values indicating the capacity of the fabric 
at any selected retention efficiency may be read from 
the curve and tabulated for ready comparison of 
fabrics. Typical data for various fabrics are given in 
Figure 1.! In this figure, the retention efficiency is 
equal to 100 minus one-tenth the micrograms of H 
in the effluent air. 

If 1t be arbitrarily assumed that the capacity of à 
fabric is the amount absorbed before the concentra- 
tion in the air passing through it exceeds 10 ug/l, 
then the fabrics referred to in the figure have capaci- 
ties of about 200-2,000 ug/em?. During the appliea- 
tion of most of the H, the concentration of H vapor 
in the effluent air was 2-3 ug/l. Thus 99.5 per cent 
or more of the H applied was being absorbed by the 
fabric. 
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EVALUATION OF CHLORAMIDE- AND CARBON-TREATED FABRICS 
BY MEANS OF GAS CHAMBER TESTS AND 
FIELD WEARING TRIALS 


By Wilkins Reeve and Homer Adkins 


INTRODUCTION 


Ie ULTIMATE ASSESSMENT of the wearing qualities 
and protective properties of permeable protective 
fabrics can be made only by carefully planned and 
executed field trials. Field trials to determine the pro- 
tective properties of garments necessarily lack pre- 
cision because of the impossibility of setting up uni- 
form concentrations of chemical warfare agents under 
field conditions. For this and other reasons, the de- 
gree and length of time of protection provided by 
garments against the vapors of H [ b?s(8-chloroethyl) 
sulfide], HNI [ethyl-bzs(8-chloroethyl)amine ], and 
HN3 [tris(8-chloroethyl)amine] have been deter- 
mined by exposing human subjects, wearing the gar- 
ments to be tested, to the vapors of the chemical 
agent in toxic gas chambers under standardized con- 
ditions. The obtaining of accurate chamber data is 
time-consuming and requires caretul experimental 
work, but the results are believed to represent a more 
reliable estimate of field performance than data ob- 
tained by presently used laboratory methods. 

A series of field wearing trials have been carried out 
under a variety of climatic conditions to determine 
the suitability for field use of various types and 
combinations of permeable protective garments with 
respect to durability, comfort, and rate of loss or 
inactivation of protective agent; and to provide worn 
garments for chamber evaluation. 

New protective garments of both the chloramide 
and activated-carbon types enable subjects to be ex- 
posed without harm to several times the lethal dose 
of H vapor. Chloramide * garments are inferior in 
protecting against the vapors of HN1 and HN3. 
Both types of garments deteriorate on wear at a rate 
such that the degree and time of protection may be 
inadequate after 1 week's wear under severe condi- 
tions. In general, the durability and wearability of 
protective garments are such that their use under 
field conditions is believed to be practical. 


30.1 


@ By “‘chloramide” or “carbon” fabrics or garments is meant 
é¢ . 3)? (4 9) < 
chloramide-treated” or “carbon-treated” fabrics or garments. 
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All wearing trials and chamber trials in this 
country have been carried out under the supervision 
of the Armed Services. Because of the large numbers 
of men required and the legal and technical hazards 
involved, it has not been possible for civilian organi- 
zations to undertake this type of work. It follows that 
this chapter represents a review of the work carried 
out by the Chemical Warfare Service | CWS ] and the 
Naval Research Laboratory [NRL | in this country, 
and by the corresponding organizations in Australia 
and India. With few exceptions, none of the data were 
obtained by National Defense Research Committee 
| NDRC | investigators. 


30.2 GAS CHAMBER TESTS ON NEW 
PERMEABLE PROTECTIVE CLOTHING 


30.2.1 Introduction 


Tests in toxic gas chambers are carried out by ex- 
posing a group of six or eight men to an analytically 
determined concentration of the vapor of the chemical 
agent (usually 20—40 ug/l) at a standard temperature 
(usually 90 F) and a standard relative humidity 
(usually 65-85 per cent) in a 20- to 50-m? chamber. 
The men wear masks and are fully clothed in the 
protective clothing. Each man is exposed for | hour 
on either successive days or every other day until he 
shows an erythema or a more pronounced physiologi- 
cal reaction.?.4 The men are exposed on successive 
days so as to approach the physiological end point 
with caution and also because it is not desirable to 
keep them in a toxic chamber for more than 1 hour 
at a time. Time must also be allowed after each 
chamber exposure for the lesions to develop. The 
relative protective values of different fabrics are 
estimated by determining the length of time during 
which the wearer does not suffer any pronounced 
physiological reaction. 

Results obtained in man-chambers are different 
from results obtained using smaller chambers in 
which only a part of the body is exposed.?? #6 This 1s 


001 
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due to several factors, one of which is the varying 
sensitivity of different areas of the body. Arm- 
chamber results are considered to be of value for 
screening fabrics prior to examination in a large 
chamber, but they do not serve as a substitute for 
results obtained in the latter. 

In discussing the results of chamber evaluation, a 
distinction is made between the effectiveness of pro- 
tection and the length of the period during which the 
garment will provide protection (“duration of protec- 
tion"). All types of reasonably effective new per- 
meable protective garments provide practically com- 
plete protection for at least 3 hours under the usual 
chamber conditions against H vapor, and some of 
them protect for several times this period. 

Even under the best of circumstances, a certain 
small amount of the chemical agent can be expected 
to penetrate the permeable protective fabric. With 
CC-2 impregnated fabrics and H vapor, this leakage 
is sufficiently large so that the end point of the cham- 
ber test 1s due to the cumulative effect of the H which 
has penetrated the garment at each exposure. Only 
a small fraction of the CC-2 is used up, and a new 
subject wearing the exposed garment in an H atmos- 
phere will be protected nearly as well as the original 
subject. The protection provided is due to the CC-2 
reacting chemically with the H and converting it into 
practically nonvesicant chlorinated and oxidized 
products. With carbon fabrics, the protection pro- 
vided is due to the adsorption of the H on the carbon. 
Small amounts of adsorbed H are held so tenaciously 
that no injury is produced even by prolonged close 
contact of the skin with the contaminated fabric. 
With larger amounts, the vapor pressure increases 
to such a point that a significant amount may migrate 
from the carbon to the skin, either by a vapor trans- 
fer mechanism or by first being extracted trom the 
carbon by perspiration and transferred to the skin in 
the dissolved state. After this point is reached, the 
carbon fabrics provide relatively little protection 
and, if the fabric is not decontaminated, a new set of 
subjects wearing the clothing in an atmosphere free 
of H may develop a mild erythema from the loosely 
adsorbed H. The initial amount of H vapor penetrat- 
ing a new carbon fabric is less than that penetrating 
a new CC-2 impregnated fabric. Accordingly, the 
end point of the chamber test is due to the activated 
carbon having adsorbed an amount of vesicant 
vapor such that a significant fraction is not firmly 
held .47 48,5860 

The capacity of carbon and CC-2 fabrics for ad- 
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sorbing H from a saturated airstream in the labora- 
tory is of the order of 1-2 mg/cm? of fabric. Under 
chamber conditions, only 5-10 per cent of this 
capacity can be effectively utilized.*:55.59 

The length of time for which subjects are protected 
depends on the number of layers of protective cloth- 
ing worn, the temperature, wind velocity, relative 
humidity, extent of perspiration, and activity and 
previous history of the subjects, in addition to the 
many variables connected with the preparation of 
the clothing. With subjects wearing untreated 
clothing, the severity of exposure under a given set 
of experimental conditions appears to be proportional 
to the concentration of the chemical agent multiplied 
by time of exposure. Available data suggest this re- 
lationship is also valid for subjects wearing carbon 
garments and exposed to H vapor, but that the time 
of exposure is nearly independent of the H concentra- 
tion in the range of 10-100 ug/l in the case of subjects 
wearing single-layer CC-2 clothing and exposed at 
90 F and 65 per cent RH.* 


30.2.2 Man-Chamber Tests with H Vapor 


The results of chamber exposures at the Naval Re- 
search Laboratory and at Edgewood Arsenal [EA | 
are summarized in Table 1. The average number of 
exposures is given for which the first subjects wearing 
the test garments are protected. This corresponds to 
a "man break" rather than a “suit break” since the 
chemically impregnated garments would protect a 
second series of subjects for an approximately equal 
period of time.58 Results obtained in two different 
chambers seldom agree precisely because of differ- 
ences in the construction and operation of the 
chambers, the medical examinations of the subjects, 
and the general conduct of the tests. In the table, 
data obtained with one-layer clothing plus shorts are 
combined with data on one-layer clothing alone, 
since the differences between the two are small. Most 
of the breaks occur on the back, which is protected 
in both tests by a single layer. In the latter case, 
scrotal burns also occur, although they often develop 
very slowly. No distinction is made between tests in 
which subjects were exposed every day and those in 
which exposures were every second day. If exposures 
were spaced sufficiently far apart, their effects would 
not be cumulative; in the data considered, however, 
it is probable that whatever differences exist are 
within the experimental error. The concentration of 
H was not kept constant in the Edgewood tests, and 
their published results give only the average Ct value 





GAS CHAMBER TESTS ON NEW PERMEABLE PROTECTIVE CLOTHING 559 


TABLE 1. Summarized man-break results of chamber evaluation of new CC-2 and carbon outergarmentsf{ with shorts 


against H vapor. 


NDRC titrimeter test? 


Mg active (10 ug H in 10 ml air 
NRL data EA data chlorine applied/min/em? at 25 C) 
Number of 1-hour | Number of 1-hour or earbon Capacity (ug H/cm?) 
exposures exposures (start of test) at retention efficiency of 
Garment 90 F, 65% RH 90 F, 85% RH per em? 98% 90% 

Untreated dungarees 1 (3 ug)’ 0 0 

CC-2 unstabilized (M-1) solvent 1.9 (20 ug 95 4.4 (30 ug) 0.4 550 950 
process (100 CC-2/75 CP/TCE 2.8 (48 ug)?" 400* 1,300* 
solvent) 

CC-2 stabilized (Z of I) solvent process 

Army: (100 CC-2/10 CaCO;/75 3.9 (30 ug)” 
CP/TCE solvent) 

Navy: (100 CC-2/15 ZnO/75 6.7 (20 ug 53 0.4 
CP/TCE solvent) 

CC-2 standard aqueous process ( Field 
or M-2 T of O) 

Army: (100 CC-2/10 ZnO/75 4.8 (30 ug)” 1,000 1,600 
CP/5 PVA) 1.7 (48 ug)?? 600* 1,500* 
Navy: (100 CC-2/25 ZnO/75 4.3 (20 ug )55 0.5 
CP/3.75 PVA) 

CC-2 aqueous system, CaCO; stabil- 4.8 (30 ug)” 0.5 1,000 1,200 
ized (100 CC-2/10 CaCO;/75 850* 1,600* 
CP/5 PVA) 

CC-2 aqueous system, low binder (100 6.1 (20 ug)5" 0.5 
CC-2/25 ZnO/25 CP/2.5 PVA) 

CC-2 aqueous Aresklene system (100 10.6 (20 ug)5? 0.5 7001 1,6001 
CC-2/25 CP/10 Aresklene) 

CC-2 Foam Process (100 CC-2/10 6.1 (20 ug)? 13 (25 yug)? 0.5 
Z2n0/75 CP/25 Naccanol NR) 

Carbon-coated HBT (N-44 carbon, 3 (20 ug)*? 2.2 (30 ug)” oo 1,150 1,500 
Aug. and Oct. models) 

Carbon-coated HBT (N-182 carbon, 6 (20 ug)* 3.0 2,200* >? 
Run S-38) 

Carbon-impregnated HBT, Type A 2.4 (30 ug)” 3.6 800 1,200 
(B-191) (N-44 carbon) 

Carbon-rayon double twill, Types 110 5.3 (20 ug) 9 400 650 
and 127 (N-44 carbon) 

Carbon-rayon double twill, Types 139 2.9 (48 ug)?" 6 
and 140 ( N-44 earbon) 

Carbon-rayon double twill, Type 148 10+ (20 ug) et 1,900* 2,600* 
(N-182 carbon) 4.5+ (40 ug) 

Carbon-rayon double twill, Type 191 4.4 (40 ug)“ 5S7 S 
(PCC carbon) 

Carbon-impregnated garment (N-182 | 3.7 (20 ug)“ 9.8 2 1,700* » 2,200*.;5 


carbon, aqueous methylcellulose 
procedure ) 


* Tested at four times given flow rate. 
+ Tested at four times given flow rate. Impregnation formula included 


CaCO; stabilizer. 


t Chapters 26 and 27 should be consulted for a more complete description of the various protective fabrics and for references to the original reports con- 


cerning their preparation. 


§ Laboratory H resistance tests carried out at the CWS Development Laboratory at the Massachusetts Institute of Technology according to CWS 
Directive 162 show the 190-191 type fabrics to have break times of 296-347 minutes compared to 500-550 minutes for Type 148 fabrics.10 


to cause a burn and the range of concentrations in the 
chamber. The average number of exposures given in 
the table has been calculated from the Ct value and 
the assumed average H concentration in the cham- 
ber. The maximum error of the NRL data is believed 
to be considerably less than 20 per cent in the case of 
most of the systems. With two or three exceptions, 


all have been examined several times, and the results 
are, therefore, based on a considerable amount of 
experimental work. 

Preliminary Edgewood Arsenal chamber data in- 
dicate that two layers of clothing protect for nearly 
twice the period of time indicated for one layer plus 
shorts." Naval Research Laboratory data with single 
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layer, single layer plus shorts, and single layer plus 
shorts and undershirt, all impregnated by the 
standard aqueous procedure (75 per cent chloro- 
paraffin) indicate the number of exposures tolerated 
under the standard chamber conditions to be 3.8, 
4.3, and 6.6.55 

A series of chamber trials have been carried. out 
with single-layer aqueous CC-2 impregnated gar- 
ments plus shorts to assess the effect of certain 
variables which should be of importance under field 
conditions.5?:55:59 Within the range of 10-100 ug/l, the 
duration of protection is relatively independent of 
the concentration of the H vapor. At concentrations 
below 10 ug/l, the duration of protection increases as 
the concentration of H decreases.5 There are no 
similar data for subjects with two-layer protection, 
i.e., impregnated outergarments and long underwear. 
Limited data indicate the duration of protection to 
be constant irrespective of whether subjects receive 
their exposure in 1 day or in parts on successive 
days. Previous contamination with H vapor has no 
significant effect on the duration of protection pro- 
viding the active chlorine content of the garments 
has not been seriously lowered.9?? Suits wet with salt 
water during exposure protect for eight 1-hour suc- 
cessive exposures, whereas control suits and suits 
wet with salt water and dried protect for approxi- 
mately four exposures.?? Failure to restore the active 
chlorine content of impregnite-free areas subsequent 
to spot testing with the CWS impregnite testing kit, 
M-1, does not seriously affect the protective capacity 
of the clothing.®® S-461 protective ointment is more 
effective than $8-330 ointment in restoring the ef- 
fective active chlorine content of the areas used in 
the test.°° The effect of increasing the relative 
humidity is twofold; the reactivity of the impregnite 
for H vapor is increased, but the sensitivity of the 
skin is also increased. Temperatures higher than 
85 F cause large areas of the body to become mark- 
edly more susceptible to H. vapor.* A relationship 
appears to exist between the sensitivity of the skin 
and activity of the sweat glands. Maximum duration 
of protection is obtained at high relative humidities 
and moderate temperatures. The effect of wind 
velocity and the activity of the subjects is of lesser 
importance. 

Exposures on successive days for a total of 4 hours 
to 20 ug of H in the chamber followed by a total of 
16 hours’ wear results in the average active chlorine 
content of CC-2 impregnated suits dropping from 
0.50 mg/cm? to 0.46 mg/em?. The decrease is the 
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same for unstabilized solvent, zinc oxide stabilized 
solvent, and standard zine oxide stabilized aqueous 
impregnated clothing. If garments are worn by a 
series of different subjects so that suit breaks, as dis- 
tinguished from man breaks, are measured, solvent- 
impregnated garments withstand an average of 27 
exposures, zine oxide stabilized solvent-impregnated 
garments an average of 35 exposures, and standard 
zinc oxide stabilized aqueous suspension suits an 
average of 49 exposures. The total number of ex- 
posures withstood is in proportion to the initial active 
chlorine content. The amount of active chlorine lost 
for the different parts of a suit are in the following 
order: elbow (most lost), knee, back, shoulder, seat, 
crotch (least lost). The duration of protection against 
20 ug of H vapor per liter 1s less than 1 hour when the 
average active chlorine contents of the suits have 
been reduced to the following points by repeated ex- 
posure to H vapor: unstabilized solvent, 0.07 mg/em?; 
zinc oxide stabilized solvent, 0.14 mg/cm?; and zinc 
oxide stabilized standard aqueous, 0.25 mg/em*. 
Failure of the garments was undoubtedly due in large 
part to certain critical areas having considerably less 
than the average amount of active chlorine per unit 
area.5 

Carbon garments have not been evaluated so 
thoroughly as CC-2 garments under chamber condi- 
tions to determine the effect of the variables dis- 
cussed above. Data obtained on the No. 148 series 
of carbon-rayon double twills indicate the duration 
of protection to be inversely proportional to the 
concentration of the H vapor. Since it is known 
that the skin is less sensitive to H vapor under cool, 
nonsweating conditions, and the adsorptive proper- 
ties of carbon are enhanced by cool, dry conditions, 
it can be predicted that carbon fabrics will protect 
for longer periods of time under less severe chamber 
conditions. 

A series of chamber tests have been carried out in 
Australia to evaluate chloramide-impregnated cloth- 
ing. The data obtained are in general agreement with 
the data given above, except that preliminary evi- 
dence was obtained indicating the duration of protec- 
tion to be inversely proportional to the H concentra- 
tion under the chamber conditions employed (90 F 
and 65 per cent RH).?? This result is in agreement 
with the limited Edgewood data,?»?? but not with the 
extensive Naval Research Laboratory data. Data 
were obtained indicating good agreement between 
the results of annulus trials and of chamber tests.” 

The field testing of H munitions has been carried 
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out under experimental conditions such that man 
breaks of protective clothing due to H vapor have 
seldom been experienced. Only standard protective 
clothing has been used to protect the personnel in- 
volved. No data have been obtained which cast doubt 
on the value of the toxic chamber method of evaluat- 
ing protective garments. 

A review has been made of chamber and field 
data published prior to 1944.7? 


30.2.3 Man-Chamber Tests with HNI, 
HN3, and Other Agents 


Available data indicate that all of the types of 
carbon fabrics listed in Table 1 provide excellent 
protection against HN1 and HN3 vapors. CC-2 gar- 
ments provide virtually no protection against the 
vapor of HNI, but considerable protection against 
HN3 vapor. 

‘Subjects wearing carbon-rayon twill (Series 110 
and 127) garments with shorts prepared from a knit 
carbon-rayon fabric have been exposed for 1 hour on 
each of 5 successive days to 30 ug of HNI vapor per 
liter at 90 F and 65 per cent RH. Erythema developed 
on the neck and back of the subjects.9557 Subjects 
wearing CC-2 garments could not be included in the 
same test since CC-2 garments do not offer suitable 
protection. Ten men dressed in single-layer zinc 
oxide stabilized standard aqueous clothing were given 
a single 1I-hour exposure to 6.7 ug of HN1 vapor per 
liter at 90 F and 65 per cent RH. Four days later, 8 
of the 10 men had crusted lesions on the scrotum 
as well as milder burns on other parts of the body. 
Similar results were obtained with subjects dressed 
in one layer plus impregnated shorts. Subjects dressed 
in plain unimpregnated clothing received burns of 
comparable severity when exposed for 1 hour to 
5 ug/1.95.97 

Man-chamber tests at Edgewood Arsenal with 
HN3 vapor have shown two-layer CC-2 garments to 
provide adequate protection against a Ct of over 
5,000. The earlier NRL data with HN1 have been 
confirmed. Carbon fabrics have been found to give 
superior protection against both HN1 and HN3 (un- 
published CWS Medical Division data). 

CC-2 garments afford no protection against the 
severe skin irritation caused by exposure to CK con- 
centrations ĉ° of the order of 2,000-3,600 mg /m*. 


30.2.4 Arm-Chamber Tests 


A series of arm-chamber tests have been carried 
out with the vapors of H, HN1, HN3, and L (lewis- 
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ite), with the object of developing preliminary infor- 
mation so that the program involving the use of the 
man-chamber could be planned more effectively. The 
results obtained are seldom in quantitative agree- 
ment with those obtained in the larger chambers, but 
are usually in qualitative agreement. 

All carbon fabrics tested provide excellent protec- 
tion against the vapors of HN1 and HN3.*! 

Untreated clothing provides ample protection 
against the vapors of L. No protective clothing 1s 
needed except under abnormally dry conditions.? 

Most of the data obtained have been confirmed 
and extended by man-chamber tests; accordingly, 
they need not be reviewed.*5.5! 


OTHER PHYSIOLOGICAL TESTS 
OF NEW PROTECTIVE FABRICS 


30.3 


Patch tests, drop and spray tests, and large-scale 
field tests involving the use of vesicants and human 
subjects have been used to evaluate the effectiveness 
of permeable protective fabrics against the important 
chemical warfare agents. Patch tests have been used 
to study the protective characteristics of carbon 
fabrics contaminated with H.!!°° Large-scale spray 
tests have demonstrated that two-layer protective 
fabrics protect against fine droplets of H. Laboratory 
tests with drops of liquid H have been made to 
measure more accurately the degree of protection 
provided. The protection provided subjects wearing 
one- or two-layer protective clothing and traversing 
or occupying terrain contaminated with H in the 
liquid and vapor state has been assessed by field 
trials. | 

It has been demonstrated by spray tests that 90 
per cent of the subjects wearing two layers of CC-2 
clothing will be protected against low altitude un- 
thickened H spray composed of 0.6- to 1.2-mm 
diameter drops at contamination densities up to 
8 g/m?. Only 50 per cent of the subjects will be pro- 
tected by a single outer layer of CC-2 clothing. More 
protection is afforded by a single layer of CC-2 cloth- 
ing if it is worn beneath an untreated layer than when 
worn over an untreated garment.” 

Protective fabrics have been evaluated in the 
laboratory against a fine mist of H droplets by de- 
termining the contamination density necessary to 
cause subjects wearing the fabrics to develop a 
physiological reaction. Drops of H weighing approxi- 
mately 0.05 mg have been applied under room 
temperature laboratory conditions to single- and 
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double-layer CC-2 fabries and to unimpregnated. 


fabric. Approximately 1 g/m? penetrates two layers 
of unimpregnated fabric producing vesicles in 50 


TABLE 2.? Penetration of single- and double-layer 
protective fabries by H drops. 


The cloth samples were attached to the forearms of 
human subjects and were removed 30 minutes after con- 
tamination with the doses of H listed below. The room 
temperature was 70 —- 5 F and the relative humidity 
25 + 6 per cent. 

Fabrice combination Weight of H 
0.520 mg for 30% blisters 
0.260 mg for 30% blisters 


Carbon-rayon twill (Sample 148)!° 
Carbon-rayon knit (Sample 180)!° 
Standard CC-2 solvent (TCE-20% 


CaCO;) 0.130 mg for 30% blisters 
Standard CC-2 aqueous (209; 

CaCQ;) | 0.130 mg for 30% blisters 
Standard CC-2 aqueous (10% 

ZnO) 0.130 mg for 30% blisters 


Carbon-coated HBT (experimen- 
tal plant run employing N-182 
carbon ) (5-35)! 

Carbon-rayon twill (top) 

Carbon-rayon twill (underneath) 


0.065 mg for 30% blisters 

No skin reactions with 
amounts of H up to 
and including 4.6 mg 


Carbon-rayon knit (top) 4.6 mg for 10% erythema 


Carbon-rayon knit (underneath) 


Carbon-rayon twill (top) 3.6 mg for 17% erythema 


Carbon-rayon knit (underneath) 


Carbon-coated HBT (top) 
Carbon-rayon knit (underneath) 


4.1 mg for 41 % erythema 


Carbon-rayon twill (top) 3.6 mg for 30% erythema 
CC-2 aqueous (10% ZnO) under- 


wear (underneath) 


3.6 mg for 75% erythema 
4.1 mg for 100% erythema 


Carbon-rayon twill (top) 

CC-2 solvent (TCE-2095 CaCO;) 
underwear (underneath ) 

Carbon-coated HBT (top) 

CC-2 aqueous (10% ZnO) under- 
wear (underneath) 

Carbon-coated HBT (top) 

CC-2 solvent (TCE 2095 CaCO;) 
(underneath) 

CC-2 aqueous (10% ZnO) (top) 

CC-2 aqueous (10% ZnO) under- 
wear (underneath) 

CC-2 aqueous (2095 CaCO;) (top) 

CC-2 aqueous (2095 CaCO;) un- 
derwear (underneath) 

CC-2 solvent (TCE-2095 CaCO;) 


(top) 
CC-2 solvent (TCE-2095 CaCO;) 


underwear (underneath ) 


2.6 mg for 55% erythema 
3.1 mg for 35% erythema 


3.1 mg for 70% erythema 
3.6 mg for 88% erythema 
3.6 mg for 12% vesicles 


4.1 mg for 47% vesicles 


3.6 mg for 47% vesicles 


3.6 mg for 67% vesicles 


per cent or more of the subjects. Corresponding 
figures for single-layer and two-layer CC-2 clothing 
are 10 and 20 g/m? respectively.***8 However, in a 


field test, erythema and vesicles were produced on 
some of the subjects wearing one-layer CC-2 clothing 
at contamination densities of 2 and 5 mg/m? respec- 
tively.? Wet clothing protects more effectively than 
dry clothing under these experimental conditions.*® 

Tests have also been carried out with a variety of 
fabries with single drops (or multiple drops applied 
to one spot) of H to determine the maximum weight 
of drop against which the test fabric will protect.?:2 
In these tests, two layers of protective clothing were 
shown to be 20-30 times as effective as a single 
layer. The ratio is about 2 in tests with fine droplets, 
as discussed in the preceding paragraph. 

H in droplets of approximately 0.006 mg (0.2 mm?) 
penetrates two-layer unimpregnated fabric more 
readily than similar sized drops of the liquid nitrogen 
mustards and is a better vesicant agent. With 43-mg 
drops (4 mm?) and two layers of CC-2 impregnated 
fabric, HN1 and HN3 do not cause such severe 
lesions as H, even though most of the H is destroyed 
by the impregnated fabric.”! 

Field tests have been carried out in this country, in 
Panama, and in Australia to determine the protec- 
tion against H provided by CC-2 garments under 
practical field conditions. In a typical trial in Florida, 
the wooded terrain was contaminated with 50-150 
g/m? by statically fired bombs. The temperature was 
80-85 F. Patrols entered the contaminated area at 
various times and performed suitable maneuvers. If 
the maneuvers required the subjects to crawl on the 
ground within an hour or two after contamination, 
they were burned, even when clothed in two-layer 
CC-2 impregnated garments. Most of the burns oc- 
curred on the elbows and the knees. However, only 
erythemas resulted if the area was walk-traversed at 
this time by the subjects clothed in two-layer CC-2 
impregnated garments. After 48 hours, subjects wear- 
ing unimpregnated outer garments and impregnated 
shorts could walk-traverse the area without hazard.* 
Trials at San Jose in Panama in tropical jungle, 
H-contaminated to 10-30 g/m? also indicate patrols 
can traverse the area 2 hours after contamination 
and that the resulting lesions will depend on the 
severity of the maneuvers. Subjects clothed in two- 
layer CC-2 garments can enter the area 2 hours after 
contamination and remain for 24 hours providing 
areas of visible liquid contamination are avoided.!4^7? 
Field trials in tropical jungle in. Australia indicate 
troops clothed in two-layer CC-2 clothing can trav- 
erse terrain 24 hours after it has been contaminated 
with approximately 10 g/m?. After 48 hours, the 
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terrain can be occupied by troops wearing two-layer 
CC-2 clothing.” ” 

No field trials involving the use of chemical agents 
have been carried out with subjects wearing carbon 
clothing. 


30.4 GAS CHAMBER TESTS ON WORN 
PERMEABLE PROTECTIVE CLOTHING 


Several series of chamber trials have been carried 
out in this country and abroad to assess the protec- 
tive properties of CC-2 and carbon garments which 
have been worn for 1 or more weeks in field wearing 
trials.28:49.50,56.63,65,75 Tn Table 3, the results obtained 
with different types of protective garments in any 
one wearing trial are grouped together. Valid com- 
parisons cannot be made between different types of 
garments worn in different wearing trials. Table 1 
should be consulted for a more complete description 
of the garments. 

Data on carbon-impregnated garments (methyl- 
cellulose procedure and casein-formaldehyde plant 
procedure) indicate a rapid decrease in duration of 
protection after 2 days' wear. Garments prepared 
from carbon-rayon staple fiber and from yarn con- 
taining 28 per cent N-182 carbon performed better 
than the Type 148.59 

A field evaluation of CC-2 and carbon-coated her- 


ringbone twill was carried out at Camp Blanding, 
Florida, by the CWS during the summer of 1945. 
Data on this field trial have not been published; pre- 
liminary information indicates the duration of pro- 
tection after 2 weeks’ wear to be less than in the case 
of the Camp Lejeune data given in Table 3. 

All data indicate a large drop in the duration of 
protection provided by garments which have been 
worn under hot humid conditions. The rate of loss of 
active chlorine is much less under temperate or cold 
weather conditions (consult Section 30.5.4), and the 
chamber performance after a given period of wear 
should be correspondingly better. Presumably, the 
same will be true of carbon clothing worn under con- 
ditions such that the subjects do not perspire ex- 
cessively. 

In the case of chloramide-impregnated clothing, 
the duration of protection for any one subject ex- 
posed in the chamber to H vapor is proportional to 
the chloramide content of the garment for any given 
inpregnation process. This is true even though the 
chloramide present amounts to several times that 
theoretically needed to detoxify the H.?858 The rela- 
tionship between the CC-2 content of worn garments 
and the duration of protection under chamber condi- 
tions is illustrated in Table 4. 

The above data show no sudden change in the 
duration of protection provided by CC-2 garments 


TABLE 3. Summarized man-break results of chamber evaluation of worn CC-2 and carbon outergarments with new shorts 


against H vapor. 








Protective garments* 


No. of chamber exposures at 
90 F and 65% RH 


Wear New T After wear 





Panama,*?56 March, 78 F and 78% RH mean day and 
night 
CC-2 ZnO stabilized solvent 
CC-2 standard aqueous process ! 
Camp Lejeune, N.C.,5°%56 Auġust, 77 F and 72% RH 
mean daytime 
CC-2 standard aqueous process 


6 days simulated combat wear 
6 days simulated combat wear 


1 day amphibious training 


6.7 hr (20 ug) 
4.3 hr (20 ug) 


1.2 hr (20 ug) 
1.7 hr (20 ug) 


4.3 hr (20 ug) 1.2 hr (20 ug) 


5 days field rifle practice 


CC-2 aqueous system, low binder 
Camp Lejeune, N.C.,®!:® July, 80 F and 80% RH 
mean daytime 
Carbón-rayon double twill, Type 148 


Carbon-rayon double twill, Types 190-191 (PCC 
carbon) 


5 days field rifle practice 


6.1 hr (20 ug) 1.3 4- hr (20 ug) 


2 weeks simulated combat 4.5 hr (40 ug) 2.04- hr (10 ug) 
4 weeks simulated combat 4.5 hr (40 ug) 2.2 hr (5 ug) 
6 weeks simulated combat 4.5 hr (40 ug) 1] hr(5Qgg) 
4 weeks simulated combat 4.4 hr (40 ug) 1.8 hr (5 ug) 
4 weeks simulated combat 6 hr(20 gg) 1.6 hr (5 ug) 


Carbon-coated HBT (N-182 carbon, Run 8-38) 
Australia, May, 77 F and 75% RH mean daytime 

CC-2 unstabilized solvent M-1 process 

CC-2 standard aqueous Navy M-2 process 


2 weeks field exercises 
2 weeks field exercises 


» 1.2 hr (15 ug) 
>1.2hr (15 ug) 


>1.2 hr (15 pg) 
>1.2 hr (15 ug) 


* Table 1 should be consulted for a more complete description of the garments. 


1 Values taken from Table 1. 
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TABLE 4. Duration of protection against H vapor pro- 
vided by worn CC-2 single-layer garments* plus shorts. 


No. of 1-hour 


chamber 
Active exposures at 
chlorine 90 F and 
Garments content 65-8595 RH 
CC-2 standard aqueous worn 
at Edgewood?® 0:15 m@e/em* =" 1:75 (25 ue) 


CC-2 stabilized solvent worn 


in Panama ??^56 0.15 mg/em? 1.2  (20yg) 
CC-2 stabilized solvent worn 

at Bainbridge, Md. 759.63 0.17 mg/em? 1.8 (20 yg) 
CC-2 unstabilized solvent worn 

at Bainbridge, Md. 7:559 0.17 mg/cm? 2.1 (20pg) 
CC-2 standard aqueous worn 

in North Carolina®®5® 0.18 mg/em? 1.2 (20ug) 
CC-2 standard aqueous worn 

in North Carolina*? 0.28 mg/em? 1.5 (20ug) 
CC-2 aqueous system, low 

binder, worn in North Caro- 

lina5®.56 0.24 mg/em? 1.0— (20 ug) 
CC-2 aqueous system, low 

binder, worn in North Caro- 

lina50.56 0.28 mg/em? — 1.3— (20 ug) 
CC-2 standard aqueous worn 

in North Carolina®® 0.29mg/em? 2.1 (20 yg) 
CC-2 standard aqueous worn 

in Edgewood?8 0.3 mg/em? 2.71 (25 yg) 
CC-2 standard aqueous worn 

in Panama??.5é 0.31 mg/cm? 1.8 (20g) 


* 'Table 1 should be consulted for a more complete description of the 
garments. New garments contain approximately 10% CC-2 equivalent to 
0.5 mg active chlorine per square centimeter. 

+ Chamber evaluation without shorts. 

t Data recalculated from original report. 


as the active chlorine content is reduced. CC-2 
aqueous impregnated garments protect for a some- 
what shorter period of time than do CC-2 solvent im- 
pregnated garments of a similar low CC-2 content 
when tested under the standard NRL chamber con- 
ditions. Present practice calls for the reimpregnation 
of garments after the CC-2 content has fallen to one- 
third its initial value; 4° however, it is obvious that 
the need for reimpregnation is dependent upon the 
duration of protection which must be provided. 
Only limited dataare available concerning the dura- 
tion of protection against H vapor provided by worn 
and reimpregnated CC-2 clothing under chamber 
conditions. In general, the number of chamber ex- 
posures for which subjects will be protected is de- 
pendent on the CC-2 content of the garments. A 
certain amount of chamber data are available, how- 
ever, which indicates garments originally impreg- 
nated by the solvent system and reimpregnated by 
the aqueous system protect for a longer period than 
would be predicted on the basis of the active chlorine 
content. CC-2 garments reimpregnated with an 


5-330 paste protect for a shorter period of time than 
would be expected on the basis of the active chlorine 
contents. 


30.5 TROOP WEARING TRIALS TO DE- 
TERMINE IRRITANCY, DURABILITY, 
AND RATE OF IMPREGNITE LOSS 


30.5.1 


Most of the various types of permeable protective 
clothing have been worn in one or more troop wearing 
trials with the objective of obtaining reliable data 
concerning certain characteristics of the clothing 
which cannot be evaluated in the laboratory, namely, 
irritancy and comfort, durability, and rate of active 
agent loss on wear. In many cases, the worn clothing 
from the field wearing trials has been evaluated later 
against H vapor in a chamber; however, vesicants 
have not been used in the wearing trials themselves. 

In à typical wearing trial, 5-10 different types of 
protective clothing may be evaluated by having 
groups of 10-30 men wear each type of clothing. 
The clothing is usually worn 24 hours a day for 6 
days. On the seventh day, the subjects are allowed 
to bathe, the clothing is washed and dried, and the 
test resumed on the eighth day for another week, 
usually with the same subjects. The subjects are 
inspected daily for irritation; the clothing is in- 
spected weekly for signs of wear and analyzed for 
impregnite content. The severity of the test will de- 
pend upon the weather conditions and the exact 
manner in which the test is conducted. 


Introduction 


30.5.2 Irritancy of Permeable Protective 


Clothing 


The irritation caused by the wearing of either im- 
pregnated or unimpregnated clothing is a function 
of the severity of the conditions under which the 
clothing is worn. Under temperate or cool weather 
conditions, clothing impregnated with CC-2 by any 
of the solvent or aqueous procedures will cause a 
negligible amount of irritation.*^ Under severe 
tropical conditions, whether or not irritation occurs 
will depend on such factors as the number of layers 
of impregnated clothing worn, amount of air circula- 
tion permitted by unbuttoning clothing during the 
daytime or while sleeping at night, frequency of 
bathing, frequency of laundering the clothing, dura- 
tion of continuous wear, temperature and relative 
humidity at nighttime, and the procedure employed 
in the impregnation of the clothing. 





TROOP WEARING TRIALS 


965 





In the following paragraphs, a brief review will be 
given of the results of the more important wearing 
trials carried out under hot humid weather condi- 
tions. 

1. Panama, 1948.°% Two-layer clothing impreg- 
nated with CC-2 by the standard aqueous procedure, 
CC-2 by the unstabilized solvent procedure, and 
8-461 by two aqueous procedures was worn day and 
night for six 6-day periods under severe conditions. 
lemperature and relative humidity averaged 80 F 
and 82 per cent. Clothing impregnated with CC-2 
by the unstabilized solvent process was satisfactorily 
tolerated although it appeared to be slightly more 
irritant than unimpregnated clothing. Clothing im- 
pregnated with CC-2 by the standard aqueous pro- 
cedure was more irritating, but still satisfactorily 
tolerated by à majority of the men. Clothing im- 
pregnated with $-461 caused incapacitating skin 
irritations after a few days. 

2. Edgewood, 1943.?:? Two-layer clothing impreg- 
nated with CC-2 by a number of modifications of the 
standard solvent and aqueous procedures was worn 
day and night for 6-day periods. Temperature and 
relative humidity averaged 79 F and 71 per cent. The 
objective of the wearing trial was to serve as a guide 
for research on the development of less irritating 
aqueous impregnated clothing. Small numbers of men 
were employed so that a large number of systems 
could be evaluated; consequently, many of the dif- 
ferences observed are not statistically significant. 
CC-2 garments impregnated by the aqueous pro- 
cedure were more irritating than those impregnated 
by the solvent procedure. Calcium carbonate stabi- 
lized aqueous CC-2 impregnated garments were less 
irritant than those prepared with zinc oxide as a 
stabilizer. 

ə. Panama, 1944.-49 OQutergarments and shorts 
impregnated with CC-2 by the calcium carbonate 
stabilized aqueous and the unstabilized solvent pro- 
cedures were worn by Army personnel under severe 
conditions day and night for two 6-day periods. 
Temperature and relative humidity averaged 80 F 
and 77 per cent. Both types of clothing were satis- 
factorily tolerated although the solvent impregnated 
clothing was the less irritant of the two. Marine 
personnel wore solvent and aqueous single-layer gar- 
ments impregnated with CC-2 stabilized with 25 per 
cent zinc oxide, and unstabilized solvent impregnated 
garments. All were satisfactorily tolerated. Difference 
in irritation caused by the three types of garments 
were too small to be regarded as important. The 


Navy protective clothing worn by the Marines is of a 
different design than the Army protective clothing 
(suspenders hold up the trousers, and there is no 
belt around the waist), a fact which accounts for the 
smaller degree of irritation observed. 

4. Edgewood, 1944.36 Two-layer clothing impreg- 
nated with CC-2 by a variety of aqueous and solvent 
procedures was worn by small groups of men day and 
night under severe conditions for two 6-day periods. 
Temperature and relative humidity averaged 76 F 
and 75 per cent. Additional data were obtained in- 
dicating calcium carbonate stabilized aqueous CC-2 
impregnated clothing to be less irritant than corre- 
sponding zinc oxide stabilized clothing. The use of 
one-third the normal amount of chloroparaffin binder 
did not increase the irritancy to a measurable degree. 
Carbon-coated garments worn over unimpregnated 
underwear were substantially nonirritant. 

5. Camp Lejeune, North Carolina, 1944.59 Single- 
layer CC-2 impregnated garments and garments pre- 
pared from the carbon-rayon fabric were worn 12-15 
hours per day under simulated combat conditions. 
Temperature and relative humidity averaged 79 F 
and 75 per cent. Less than 1 per cent of the men 
showed any signs of irritation. 

6. Cannanore, South India, 1944.5? Outergarments 
and shorts impregnated with CC-2 by the unstabilized 
solvent process and the zinc oxide stabilized aqueous 
process were worn 24 hours a day for periods up to 
7 days under severe conditions. Temperature and 
relative humidity ranged from an average low of 76 F 
and 53 per cent to an average high of 94 F and 79 per 
cent. Of 76 observers wearing M-1 or M-2 impreg- 
nated outergarments, 5 per cent had significant 
generalized skin rash due to the CC-2 clothing, 60 
per cent had mild, transient, insignificant rashes, and 
the remaining subjects were unaffected. None of the 
rashes required medical treatment, but it is con- 
sidered that those listed as significant might have 
become troublesome if the subjects had been on 
active duty. A 7-day wearing trial of garments im- 
pregnated with 10-15 per cent CC-2 by the solvent 
process, and of garments impregnated with 4—7 per 
cent CC-2 by the aqueous process indicated little 
difference between the garments as far as irritancy 
was concerned. CC-2 impregnated garments were 
found to be nontoxic whereas subjects wearing AV 
impregnated garments rapidly developed severe toxic 
symptoms. 

7. Finschhafen, New Guinea, 1945.*! Outergar- 
ments and shorts impregnated with CC-2 by the 
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calcium carbonate and zine oxide stabilized aqueous 
procedures, and the calcium carbonate stabilized 
solvent procedure were worn 24 hours a day for two 
7-day periods. Subjects were permitted to bathe 
daily. Temperature and relative humidity averaged 
81 F and 83 per cent. None of the types of clothing 
were very irritating. 

8. Camp Blanding, Florida, 1945.?? 'Two-layer 
CC-2 garments impregnated by the solvent and 
aqueous procedures were worn during a 2-week 
tactical exercise. Temperature and relative humidity 
averaged 83 F and 69 per cent. The performance of 
the troops wearing the clothing appeared to be as 
good as that of other troops wearing standard unim- 
pregnated one-layer HBT fatigues. The men did not 
appear more exhausted, although they did seem to 
be more uncomfortable. A full report on this wearing 
trial has not been issued by the Technical Division, 
CWS, at the time of writing. 

9. Camp Lejeune, North Carolina, 1945.* Single- 
layer CC-2 impregnated garments and several types 
of carbon garments were worn 24 hours a day for a 
series of 5-day periods under simulated combat con- 
ditions. Temperature and relative humidity averaged 
80 F and 80 per cent. No increased number of skin 
irritations were observed in the case of those subjects 
wearing the protective clothing as contrasted with 
those not wearing protective clothing. 

10. Proserpine, Australia, 1945.7 Single-layer 
aqueous T of O CC-2 impregnated garments were 
worn 24 hours per day for 6 days and nights by para- 
troops in active training. Temperature and relative 
humidity in the afternoon averaged 85-90 F and 
40—60 per cent. The subjects were allowed to bathe 
once a week. There were no signs of systemic intoxi- 
cation or of chemical dermatitis, although some ir- 
ritancy was observed which passed off with con- 
tinuous wear. 

Several wearing trials under tropical conditions 
with AV impregnated clothing have produced 
methemoglobinemia, cyanosis, and malaise.®*:7°.78 It 
is to be noted, on the other hand, that all wearing 
trials with CC-2 impregnated clothing have con- 
firmed its nontoxic properties. 

A realistic field exercise involving the use of H has 
indicated that a high percentage of completely pro- 
tected troops wearing masks and two-layer solvent 
impregnated CC-2 clothing under tropical conditions 
(80 F, 95 per cent RH) may develop a discomforting 
but not incapacitating dermatitis after 40 hours’ 
wearing of wet impregnated clothing.?° 


AND CARBON-TREATED FABRICS 


The conclusion to be drawn from the data reviewed 
above appears to be that CC-2 impregnated clothing 
consisting of an outergarment alone or an outergar- 
ment plus shorts can be expected to be essentially 
nonirritant under hot and humid tropical condi- 
tions, regardless of the method of impregnation. 
Judgment must be more reserved in the case of two- 
layer garments, although the results obtained at 
Camp Blanding indicate they also should be suf- 
ficiently nonirritant for use under severe tropical 
conditions. Stabilized or unstabilized solvent im- 
pregnated clothing is undoubtedly less irritant than 
zinc oxide stabilized aqueous impregnated clothing. 
Calcium carbonate stabilized aqueous impregnated 
clothing is less irritant than corresponding clothing 
stabilized with zine oxide. The last fact is of no im- 
portance in the wearing of clothing consisting of one 
layer or one layer plus shorts; whether or not the dif- 
ference will be of practical significance in the case of 
two-layer protective clothing remains to be deter- 
mined. 

Carbon clothing is as nonirritant under hot humid 
conditions as untreated clothing of a similar weight 
and porosity. The only case on record of carbon cloth- 
ing’s causing irritation to the skin was with an early 
experimental run of the carbon-coated fabric. Un- 
laundered garments prepared from this material were 
worn by troops under hot dry conditions in a Cali- 
fornia desert and were found to be sufficiently stiff 
to irritate the skin. This 1s considered to be of no 
importance in view of the improvements since made 
in the textile characteristics of this material. 


30.5.3. Durability of Permeable Protective 
Clothing 


All wearing trials have demonstrated the durability 
of zine oxide or calcium carbonate stabilized CC-2 
impregnated clothing to be equal or superior to un- 
impregnated clothing.!743!:41.2.49 Clothing impreg- 
nated by the unstabilized solvent process may be 
slightly inferior to unimpregnated clothing; in any 
case, it does not differ greatly.! | 

A 1-month wearing trial under simulated combat 
conditions of garments prepared from carbon-coated 
herringbone twill indicates that they are as durable 
as untreated HBT garments.*! Longer wearing trials 
have not been carried out. The durability of the 
various carbon-impregnated garments should be 
similar to that of garments prepared from the base 
fabric. 

The durability of carbon-rayon garments depends 
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upon the details of the textile construction of the 
fabric. The results of a 2-6-week wearing trial under 
simulated combat conditions indicate increased dura- 
bility results from double-plying the carbon-rayon 
yarn and having a yarn with as low a carbon content 
as other considerations permit. Fabric prepared from 
double-plied yarn containing 32 per cent carbon 
(Type 148, Series 176) showed practically no signs 
of wear for 2-3 weeks. Thereafter, the carbon-rayon 
threads frayed rapidly, and large areas of the gar- 
ment were free of the carbon-rayon yarn after 4 
weeks’ wear. Garments prepared from fabric having 
a similar construction but containing 28 per cent 
carbon in the yarn were worn for 4 weeks, at which 
time they appeared similar to the above after 2-3 
weeks’ wear. After 6 weeks’ wear, the 28 per cent 
carbon-rayon yarn had been completely removed 
from considerable areas of the garment. Garments 
prepared from carbon-rayon fabrics containing single- 
plied carbon-rayon filling yarn showed signs of wear 
after a shorter period than in the case of correspond- 
ing fabrics containing the double-plied yarn. Gar- 
ments prepared from carbon-rayon staple fiber ap- 
pear to be more durable than garments prepared 
from continuous filament yarn. Garments prepared 
from fabrics having 34 per cent PCI activated carbon 
in the filling yarn do not differ from the correspond- 
ing garments containing National carbon. All the 
carbon-rayon garments showing signs of wear had a 
striated appearance due to the nonuniformity of the 
carbon yarn. The differences between two adjacent 
areas of any given garment were more marked than 
the differences between different types of garments. 
Nonuniformity is believed to be inevitable with yarn 
produced on a small scale; yarn produced on a large 
plant scale should be of a higher quality and more 
uniform.*! 


Rate of Loss of CC-2 from 
Impregnated Fabrics 


30.5.4 


The loss of CC-2 from impregnated clothing on 
wear is caused primarily by the reaction of the im- 
pregnite with perspiration. The rate is dependent on 
the severity of the wearing trials, the method of 1m- 
pregnation, and the processing to which the base 
fabric was subjected prior to the impregnation of the 
garments with CC-2. Because of the probable chemi- 
cal nonuniformity of the herringbone twill used in 
all wearing trials to date, all data on impregnated 
herringbone twill garments are subject to question. 
Data obtained with the Navy’s CC-2 impregnated 
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garments prepared from Arnzen cloth are considered 
to be more reliable from this standpoint since the 
Arnzen cloth is prepared by one company, is not 
processed extensively, and is not dyed. 

Under mild winter conditions, the CC-2 content of 
outer garments originally impregnated by the un- 
stabilized solvent procedure to 0.5 mg active chlorine 
per square centimeter (loading equivalent to 10 per 
cent CC-2) will have decreased to 0.15 mg active 
chlorine per square centimeter after 48 days’ wear.*! 
In the case of zine oxide stabilized aqueous impreg- 
nated garments, the CC-2 content will have de- 
creased to a similar extent after 30 days! wear.* As 
the temperature and relative humidity at which the 
wearing trials are carried out are increased, the rate 
of loss of impregnite increases. Under severe tropical 
conditions, two-thirds may be lost after 1-2 weeks’ 
wear. Most of the field wearing trials, carried out 
under tropical or near-tropical conditions and de- 
scribed in Section 30.5.2, were carried out with the 
objective of determining the active chlorine content 
of the impregnated garments after given periods of 
wear, in addition to obtaining data on the irritation 
caused by the garments. A summary of the more im- 
portant data obtained is given in Table 5. 

The above data show that HBT garments im- 
pregnated with CC-2 by the solvent process consis- 
tently retain active chlorine for longer periods than 
garments impregnated by the aqueous process. Al- 
though the results of any one of the wearing trials is 
subject to question because the fabric quality is un- 
controlled, it is doubtful if all of the data can be 
questioned on this basis. 

An attempt has been made to simulate field wear- 
ing trials by having subjects wear patches of CC-2 
impregnated fabrics strapped on the arm or sewn to 
the inside of their undershirts. Data obtained by 
these two types of patch tests are not always in 
agreement; furthermore, it has not been possible to 
demonstrate the superior characteristics of fabrics 
impregnated with CC-2 by the solvent system.9.H 
Both types of patch wearing trials indicated the proc- 
essing which the base fabric received prior to impreg- 
nation to be of importance in determining the rate of 
loss of impregnite on wear. Fabrics given a severe 
processing treatment in the finishing plant retained 
active chlorine for a longer period of time than those 
given a light processing, even though both were im- 
pregnated under identical conditions.’:®:! Carefully 
controlled confirmatory full-scale wearing trials have 
not been carried out; however, a wearing trial in- 
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TABLE 5. Loss of CC-2 during troop wearing trials.® 


Test and systems tested 


Panama, 1943 — 6 days’ wear (HBT outerwear)” 
Unstabilized solution system 
Aqueous system, 100 CC-2/10 ZnO/5 PVA/75 CP 


Edgewood, 1943 — 6 days’ wear (HBT outerwear), average 
data from 6 wear periods??? 
Unstabilized solution system 
Aqueous system, 100 CC-2/10 ZnO/5 PVA/75 CP 


Panama, 1944 — 6 days’ active wear, 1 day's rest (HBT 
outerwear)? 
Unstabilized solution system 
Aqueous system, 100 CC-2/10 CaCO;/5 PVA/75 CP 


Panama, 1944 — 6 days’ wear (Marines — Arnzen cloth)*® 
Unstabilized solution system 
Stabilized solution system, 100 CC-2/25 ZnO/75 CP 
Aqueous system, 100 CC-2/25 ZnO/3.75 PVA/75 CP 


Innisfail, Australia, 1944 — (HBT outerwear)” 
Unstabilized solution 
7 days’ wear 
14 days’ wear 
Aqueous system, 100 CC-2/10 ZnO/75 CP/5 PVA 
7 days’ wear 
14 days’ wear 
Edgewood, 1944 — 12 days’ wear (HBT outerwear )’:*6 
Aqueous system, 100 CC-2/20 CaCO:/5 PVA/75 CP 
M-1 field set, 100 CC-2/10 ZnO/5 PVA/75 CP 


New Guinea — (HBT outerwear) 
Unstabilized solution system 
6 days’ wear 
12 days’ wear 
18 days’ wear 
24 days’ wear 
Camp Lejeune, North Carolina, 1944 — 16 hr per day for 8 
days (Marines — Arnzen cloth)*° 
Aqueous system, 100 CC-2/25 ZnO/75 CP/3.75 PVA 
Aqueous system, 100 CC-2/25 ZnO/3.75 PVA/25 CP 
Flat goods impregnated in mill, aqueous system, 100 
CC-2/25 ZnO/3.75 PVA/75 CP 


Finschhafen, New Guinea, 1945 — (HBT outerwear)?! 
CaCO; stabilized solution system 
7 days’ wear 
14 days’ wear including 1 laundering 
CaCO; stabilized solution system (outergarments and 
shorts) 
7 days’ wear 
14 days’ wear including 1 laundering 
Aqueous system, 100 CC-2/10 ZnO/75 CP/5 PVA 
7 days’ wear 
14 days’ wear including 1 laundering 
Aqueous system, 100 CC-2/10 CaCO;/75 CP/5 PVA 
7 days’ wear 
14 days’ wear including 1 laundering 


Australia — (HBT outerwear )’® 
10% ZnO/5 PVA, Aqueous 
6 days’ wear including 1 laundering 
12 days’ wear including 2 launderings 
18 days’ wear including 3 launderings 
27 days’ wear including 4 launderings 


* No impregnated undershirts or full-length drawers were worn in trials for which only outergarment data are given. 
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EVALUATION OF CHLORAMIDE- 


AND CARBON-TREATED FABRICS 


% CC-2 retained 


Outerwear 


63 
53 


80 
68 


50 
30 


50 


40 


76 
58 


ol 
5l 


30 
18 


Underwear* 


63 
54 


73 
74 


90 
21 


97 
13 


33 


Remarks 


Large number of analyses averaged 
Spread of 10% over garment area 
for aqueous, 20% for solution, with 
armpits and crotches lowest. 

No conclusions on CC-2 loss possible 
from this test. Very erratic results 
from week to week; weather not 
very severe. 


Very small number of samples; gar- 
ments baled fọr 6 weeks after wear 
before titration. Data on under- 
wear on one garment only. 


Data based on 6 analyses on each of 
from 5-11 Arnzen suits. 


Aqueous clothing loaded to 25% 
CC-2; solvent to 13%. Large num- 
ber of analyses. 


Original CC-2 was 9-11% on all sys- 
tems. Data based on analyses of 
1—5 suits. 

Large number of samples — 60 men; 
not under combat conditions. 


Garments worn during landing op- 
erations, followed by simulated 
combat tacties; Arnzen suits. 


Adequate sampling done, data prob- 
ably most reliable of all tests. 


Shorts were worn in most cases. 


TROOP WEARING TRIALS 
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volving the use of extensively processed and lightly 
processed impregnated herringbone twill was carried 
out in Florida with the objective of determining how 
well certain types of gas protective equipment would 
hold up under simulated combat conditions. The few 
analyses which were made of the clothing were at 
irregular intervals; nevertheless, the data obtained 
indicate clothing thoroughly processed in the finish- 
ing plants lost its impregnite content at a slower rate 
than similarly impregnated garments prepared from 
lightly processed herringbone twill.?* 

Data obtained incidental to the chamber testing 
of CC-2 impregnated clothing indicate that much of 
the impregnite is lost during the wear following each 
chamber exposure rather than as a result of the action 
of the H vapor to which the subjects are exposed. It 
is of interest that garments impregnated by the zinc 
oxide stabilized solution system, the unstabilized 
solution system, and the zinc oxide stabilized aqueous 
system all lose an equal percentage of their original 
active chlorine content per unit of time. These data 
indicate the three types of impregnation to be similar 
in the loss of active chlorine due to exposure and 
wear.°® 


30.5.5 Miscellaneous Observations 


Certain minor disadvantages attending the use of 
carbon clothing have been indicated by field wearing 
trials. Carbon-rayon garments are easily wet by 
water, and they dry out slowly. Consequently, the 
garments are heavy, and they easily pick up dirt. 
All types of carbon garments acquire a pronounced 
odor after wear under tropical conditions for several 
days. This odor appears to be caused by perspiration 
and is removed by laundering.*! 

Three realistic field exercises involving the use of H 
and two-layer protective clothing have been re- 
ported.?9.715.7? [|y Panama, completely protected troops 
wore masks and two-layer solvent-impregnated CC-2 
clothing under tropical conditions (80 F, 95 per cent 
RH) and carried out simulated combat maneuvers 


over contaminated terrain. It was clearly indicated 
the troops had reduced endurance, alertness, and 
mobility; and their ability to use their weapons was 
impaired.?? 

Two-layer CC-2 impregnated clothing was used 
operationally during the invasion of France in the 
early summer of 1944. Only a brief report has been 
received; this indicates that the clothing was satis- 
factorily tolerated by the soldiers. 


30.5.6 


Although the usefulness of protective clothing has 
not been demonstrated under combat conditions, an 
extensive series of laboratory and field tests with 
human subjects have shown CC-2 clothing impreg- 
nated by the solvent and aqueous procedures to pro- 
vide excellent protection against H in the form of 
vapor and small drops. The various types of carbon 
clothing similarly provide excellent protection against 
all types of known vesicant chemical warfare agents. 
Available data indicate both types of protective gar- 
ments can be expected to retain a reasonable degree 
of efficiency for 1-2 weeks when worn under severe 
tropical conditions, and for as long as 2 months when 
worn under cold weather conditions. Wearing trials 
have shown the clothing to be nontoxic and indicate 
that it is essentially nonirritant when worn under all 
except the most severe field conditions. Field trials 
indicate that troops wearing masks and protective 
clothing under field conditions will have reduced en- 
durance, alertness, and mobility; and their ability 
to use their weapons will be impaired. 

There is a need for accurate field data on the rate 
of loss of CC-2 from garments impregnated by the 
standard and certain experimental CC-2 formula- 
tions. Particular attention should be paid to the 
effect of mill processing received by the fabric prior to 
impregnation. Data are lacking on field and chamber 
performance of garments impregnated with activated 
carbon by the tetrachloroethane-ethylcellulose pro- 
cedure. 


Summary 





Chapter 31 


ANTIDOTES FOR POISONING BY ARSENICALS AND OTHER 
CHEMICAL WARFARE AGENTS 


By Homer Adkins and Wilkins Reeve 


INTRODUCTION 


RSENICAL WAR GASES, as exemplified by 8-chloro- 
E ibis (Lewisite) and ethyldichlorar- 
sine (ED), function both as vesicants and as systemic 
poisons. Early in the war, British investigators dis- 
covered that 1,2-dimercaptopropanol and some other 
vicinal dithiols are effective antidotes for arsenical 
blister gases.!5^7? Compounds of this type were found 
to prevent vesication by Lewisite and to alleviate 
systemic poisoning by arsenic, if applied within an 
hour after exposure (see Chapter 7). Considerable 
attention has been devoted to the synthesis of vicinal 
dithiols and to the formulation and characterization 
of therapeutic compositions containing these agents.” 
Particular emphasis has been placed on 1,2-dimer- 
captopropanol (now known as BAL), in view of its 
outstanding effectiveness in combination with only 
moderate toxicity. 


31.1 


SYNTHESIS OF 12-DIMERCAP- 
TOPROPANOL (BAL) 


31.2 


The method recommended by British investigators 
involves the reaction of 1,2-dibromopropanol, pre- 
pared from allyl alcohol, with sodium hydrosulfide in 
an appropriate solvent medium.??3577 [n initial Na- 
tional Defense Research Committee [ NDRC ] labora- 
tory experiments, this procedure gave fair yields of 
the corresponding 1,2-dimercaptopropanol (BAL), 
but biological tests revealed the product to be slightly 
more toxic than a British sample employed as 
control. 

After a detailed study of conditions for this syn- 
thesis, the procedure recommended for evaluation 
in semi-works equipment comprised the reaction of 
the dibromohydrin in methanol with sodium hydro- 
sulfide at 60 C under hydrogen sulfide pressures in 
the neighborhood of 100 psi.! It was found most con- 
venient to prepare the sodium hydrosulfide in situ 
from hydrogen sulfide and sodium hydroxide. This 
process was found to yield BAL of satisfactory qual- 
ity from the standpoint of toxicity and chemical 
properties. 
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Precautions must be taken in the distillation of 
BAL, in order to avoid decomposition of the product. 
The most favorable procedure involves topping the 
reaction mixture to remove methanol, neutralization 
with hydrochloric acid, extraction of the BAL with 
chloroform, re-extraction of the chloroform solution 
with 10 per cent sodium hydroxide to remove 85-90 
per cent of the BAL, and finally acidification and 
isolation of the BAL from the caustic solution. The 
alkali extraction procedure apparently removes im- 
purities that favor decomposition of BAL at elevated 
temperatures. In addition, it was found that small 
amounts of ammonia or ammonium salts serve to 
stabilize BAL during distillation.! The above process 
was carried out successfully on a 10-pound scale and 
was adapted to commercial plant manufacture. A 
complete description of the processes is given in 
OSRD reports.!? 


31.3 BAL THERAPEUTIC COMPOSITIONS 


With the successful production of BAL of accept- 
able quality from the standpoint of toxicity and 
chemical stability, the attention of a number of 
Office ot Scientific Research and Development 
[ OSRD ] investigators was directed to therapeutic 
preparations, both for protection against and the 
treatment of lewisite poisoning. One of the first 
problems attacked was the formulation of a stable 
solution of BAL suitable for use in eye therapy. At- 
tention was given to the chemical aspects of the 
problem, particularly in connection with the prepara- 
tion of stable solutions of BAL in hydroxylated sol- 
vents suitable for use in the eye.? BAL proved to be 
quite unstable in aqueous solutions, but outstanding 
results were obtained with a 5.6 per cent solution of 
BAL in highly purified anhydrous ethylene glycol. 
It was found to be particularly important to keep 
the iron content of the solution to a minimum, 
preferably below one part per million, and to control 
the pH within limits from 4.5—5.3. The solution was 
adopted by the Medical Corps of the Army as the 
M-1 eye solution. 


ANTIDOTES FOR MUSTARD 
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Investigation of BAL solutions in peanut oil, 
triacetin, and benzyl benzoate, has shown that a high 
degree of stability is realized in the absence of 
hydroxylated solvents. A preparation of 10 per cent 
BAL in 90/10 peanut oil/benzyl benzoate has proved 
to be suitable for intramuscular injection and holds 
considerable promise in several clinical applications.’ 

Through the cooperation of representatives of the 
pharmaceutical industry, NDRC, and the Com- 
mittee on Medical Research [CMR], 15 protective 
ointments containing BAL were prepared and care- 
fully investigated from the standpoint of chemical 
stability and compatibility with BAL. As an out- 
growth of this general program, a lanolin base oint- 
ment was adopted by the Navy, and a boric acid/ 
Carbowax/ethylene glycol base ointment was tenta- 
tively selected by the Army.* 


ANALOGS OF BAL 


Coneurrent with investigations of BAL, an ex- 
ploratory study of chemical analogs was undertaken 
with the objective of uncovering materials superior 
to BAL in both therapeutic activity and toxicity 
properties. Approximately 60 analogs and derivatives 
of BAL containing a plurality of thiol groups were 
prepared and submitted for evaluation. Among these, 
2,3-dimereaptopropyl ethyl ether proved to be out- 
standing for arsine therapy, although it exhibited 
toxicity for erythrocytes — an action which is not 
characteristic of BAL itself. In addition, a novel 
approach to compounds capable of liberating vicinal 
dithiols 77 situ was realized in bzs-S-amidomethylthio- 
ethers of BAL, prepared from the dithiol, formalde- 
hyde, and an appropriate amide. These compounds 
offered the advantage of lower initial toxicity, im- 
proved stability under tropical storage conditions, and 
lack of objectionable odor. Other products synthe- 
sized, which proved to have little therapeutic value in 
the biological tests carried out elsewhere, are de- 
rivatives of 2,3-dimercaptopropionic acid and con- 
densation products of dithioglycerol with aromatic 
amines. 


31.4 


31.5 BAL GLUCOSIDE 


About the middle of 1944, BAL glucoside, a new 
and apparently nontoxic derivative of BAL un- 
covered by British investigators, was brought to the 
attention of representatives of NDRC.” Because of 
its low toxicity, this agent was reported to be out- 
standing for use intravenously in combating systemic 
poisoning by arsenical war gases. Synthetic work on 


BAL glucoside was undertaken promptly with the 
aim of providing CWS and CMR investigators with 
materials for therapeutic evaluation. Initial attempts 
to duplicate the British preparation of BAL glucoside 
were carried out according to the following scheme: 


acet 





ic HBr 
——- Pentaacetylglucose —> Acetobromoglu- 
anhydride 


allyl alcohol Bro 
—————> Ally] glucoside tetraacetate —~> 2,3-Di- 


oe ae K thiolacetat 
t et 
bromopropyl glucoside tetraacetate ee eA 


Glucose 


BaO 
glucoside hexaacetate rd Barium BAL-glucoside 
e 


For therapeutie use, BAL glucoside is liberated 
from the barium salt by treatment with 1 equiv of 
sodium acid sulfate. 

The first product obtained proved to be low, both 
in thiol and total sulfur, although animal tests by 
medical investigators showed it to be considerably 
less toxic than BAL and highly effective for arsenic, 
cadmium, and mercury poisoning. More detailed 
studies led to improved products which were re- 
ported to be satisfactory from the standpoint of 
toxicity and activity following careful examination 
at the Medical Research Laboratory, Edgewood 
Arsenal. In general, BAL glucoside appears to be 
much safer than BAL for intravenous use because of 
its low lipoid solubility and ability to form stable, 
water-soluble complexes with metals such as arsenic, 
mercury, and cadmium. 1-Thiosorbitol, available 
from earlier NDRC work, was also found to be et- 
fective, although, in general, monothiols of this type 
are required in larger doses than dithiols to provide 
the same degree of protection against heavy metal 
poisoning.!? 

Since BAL glucoside is somewhat unstable and 1s 
prepared by a complex series of reactions, experi- 
mental work on the synthesis of simpler analogs was 
undertaken during the summer of 1945. It was hoped 
that stable vicinal dithiols solubilized by means of 
sorbitol or mannitol groups might be obtained by a 
simple series of reactions, but such compounds were 
not found before the end of the war.!? 


31.6 ANTIDOTES FOR MUSTARD 


An extensive search has been made for antidotes for 
poisoning by H and the nitrogen mustards, but no 
compound has been found which is significantly ef- 
fective. The lack of success in this search is probably 
due to the fact that H reacts rapidly and irreversibly 
with all the tissues of the body *7" (see Chapters 
19-23). 





Chapter 32 


DECONTAMINATION 
By Jonathan W. Williams 


32:1 INTRODUCTION 


ECONTAMINATION may be defined as the process 
D of removing dangerous chemical agents or 
changing them into harmless substances.?” The re- 
search undertaken in this subject during the war 
period has not resulted in any sweeping changes in 
the practices of the Armed Services. Nevertheless, 
real advances have been made in the accumulation 
of basic knowledge. 

It was shown that techniques which are highly 
successful with mustard gas and lewisite are not 
necessarily applicable with nitrogen mustards and 
with certain lacrimators, such as bromobenzyl cya- 
nide and chloroacetophenone. Special procedures have 
been developed for use with these agents.7.17.21,22,47,52,56 

A search for new types of decontaminants has 
shown that for use with vesicants nothing compares 
in efficiency with the hypochlorites and the chloram- 
ides. A major portion of the effort in decontamina- 
tion research has been devoted to the study of formu- 
lations of those active chlorine compounds which are 
superior to the bleach slurry and the solution of 
the chloramide, 1,3-dichloro-5,5-dimethylhydantoin 
(RH-195), in tetrachloroethane which are standard 
Armed Service items. An improved thickened bleach 
slurry was devised !? and adopted by the Chemical 
Warfare Service. A chloramide dispersion system was 
developed 17 which is superior to the standard 
Army-Navy noncorrosive decontaminating agent 
(DANC; RH-195/TCE) in the following respects: it 
is less corrosive to metals and less injurious to 
painted surfaces, rubber, and plastics; it is made up 
of less toxic ingredients; it is effective, not only for H, 
L, and the nitrogen mustards, but for the lacrimators 
as well; and it is effective on a single application in- 
stead of requiring 3 or 4 applications.!7:4 The use of 
this material was not considered acceptable by the 
Services, however, because of objections to the time 
required for field mixing and the difficulty of remov- 
ing the residual film left by the system.*.4 

For the decontamination of protective clothing 
containing activated carbon, two procedures have 
been developed wherein the vesicant agent is satis- 


factorily removed without deactivating the carbon. 
These procedures are (1) laundering at 80 C using 
Kalye-A, a modified sodium phosphate detergent, 
and (2) dipping in a cold aqueous suspension of 
RH-195 containing sodium carbonate.!* 


32.2 CHEMICALS 
FOR DECONTAMINATION 


For the decontamination of vesicants such as 
H, L, or nitrogen mustards, no other classes of com- 
pounds have been found which react so rapidly and 
reduce the hazard so effectively as the hypochlorites 
and the chloramides. Tests have been made on at 
least 750 compounds of a wide variety of chemical 
types, without uncovering other substances capable 
of detoxifying vesicants rapidly 2: .!? 

Although there are differences in the rates at which 
various chloramides react with H or with L, the rates 
of reaction of all chloramides tested are of the order 
of the reaction rate exhibited by bleaching powder 
with H, and therefore satisfactorily fast for decon- 
tamination purposes.'*5:3 'lThis situation does not 
prevail with the nitrogen mustards, which may be 
decontaminated with bleaching powder but not with 
all chloramides.**.74 Chloramides which are par- 
ticularly effective against nitrogen mustards include 
RH-195, 8-300, 8-426, 8-436, and Decontaminant 40 
(see Glossary for chemical names). A paste system 
described later and containing 8-210 with potassium 
oleate has been shown to be effective against nitrogen 
mustards.!*.? 

Lacrimators such as CN and BBC are particularly 
resistant to the action of chloramide or hypochlorite 
systems. Special decontaminants have been devised 
for them.5* The British used a saturated (0.25 per 
cent) solution of sodium thiosulfate in 78 per cent 
alcohol, and the United States Chemical Warfare 
Service standardized a 10 per cent solution of sodium 
hydroxide in a 10/26 mixture of water and carbitol. 
It has been shown that emulsion systems containing 
potassium oleate, such as the 8-210 paste developed 
under NDRC auspices, are valuable in the decon- 
tamination of lacrimators. 
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32.3 


Vesicant agents such as H are readily absorbed and 
retained by paint and other organic surfaces; they 
present a difficult decontamination problem on 
naval vessels, aircraft, military vehicles, and other 
items of matériel. For such purposes, the Armed 
Forces adopted a decontaminating system called 
DANC and consisting of a solution of 1,3-dichloro- 
5,5-dimethylhydantoin (RH-195) in tetrachloro- 
ethane (TCE). Although this system decontaminates 
liquid H rapidly and is fairly effective for the decon- 
tamination of paint, it has serious disadvantages 1n- 
cluding injury to paint and plastics, corrosive action 
on bare metal surfaces, and high toxicity of the TCE. 
The National Defense Research Committee [ NDRC | 
program has been directed toward the development of 
a fast-acting decontaminating system having the 
ideal properties of noninflammability, nontoxicity, 
noncorrosiveness, and noninjury to paint. 

To be effective for the decontamination of paint, 
a chloramide decontaminating system must contain 
a solvent capable of penetrating the paint containing 
the absorbed vesicant. Systems in which the chlor- 
amides are in solution in the solvent medium (such as 
the RH-195/TCE system), as well as dispersion 
systems, have been examined. Significant 1mprove- 
ments over RH-195/TCE have been obtained only 
with the latter type of composition.!?:15—15.17 


32.3.1 Chloramide Solution Systems 


Solutions of chloramides offer potential advantages 
over dispersions in their simplicity and ease of hand- 
ling. In attempts to find solution-type decontamina- 
tion systems superior to the Armed Services’ solution 
of RH-195 in TCE, a wide variety of solvent-chlor- 
amide combinations have been tried.'® Tetrachloro- 
ethylene appears to be best of the solvents tested, in 
the light of essential requirements of low toxicity, 
noninflammability, and low injury to paint films, but 
it lacks solvent power for most chloramides and has 
low ability to penetrate paint. However, tetrachloro- 
ethylene has been used effectively in combination 
with other solvents which improve these properties. 
Mixtures with epichlorohydrin have been of partic- 
ular interest, and solutions of RH-195 in tetrachloro- 
ethylene/epichlorohydrin mixture (70/30 by weight) 
appear equally as effective as RH-195/TCE for the 
decontamination of painted surfaces impregnated 
with H. Although no information on toxicity is avail- 


able, it appears possible that this solvent combina- 
tion is less toxic than TCE. 

This work on chloramide solutions has indicated 
that all solutions of chloramides in solvents decon- 
taminate paint relatively inefficiently, mainly be- 
cause of the volatility of the solvent and the low con- 
centrations of active agent which can be applied to 
surfaces by means of these very fluid solutions. The 
use of certain thickeners and waxes has been of value 
in reducing these defects but has the disadvantage of 
forming difficultly removable residues. Although 
numerous eombinations have been tested, no solu- 
tion systems have been found which are sufficiently 
improved over RH-195/TCE to deserve more de- 
tailed evaluation.” 

Gradual loss of active chlorine occurs on storage 
of RH-195/TCE solution in brass decontaminating 
apparatus. The Army recommends replacement of 
this solution at intervals of 3 months. In a search for 
stabilizers, it was not possible to obtain complete 
inhibition of the decomposition in the presence of 
brass. However, small amounts of epichlorohydrin 
have been found to stabilize the solution against 
active chlorine loss in the presence of steel, suggest- 
ing consideration of the possible use of steel decon- 
taminating equipment." 


32.3.2 Dispersion Systems 


In the preferred system of those developed by the 
NDRC, the composition and proportion of ingre- 
dients which have been found to have optimum de- 
contaminating efficiency are the following," the 
quantities being expressed as parts by weight: 


Tetrachloroethylene 67.3 
Potassium oleate (containing 28 per cent water) 18.0 
Barium hydroxide octahydrate (micropulver- 


ized) 2.8 
Aristowax 160/165* 1.6 
S-210 (mieropulverized) 10.3 
Appropriate camouflage pigments, if desired (0.3) 


This dispersion system has shown advantages over 
the solution of RH-195 in TCE, including lower 
toxicity of the tetrachloroethylene compared with 
tetrachloroethane, less corrosion of metals, and less 
injury to paints and plastics. It has the ability to de- 
contaminate H, L, and nitrogen mustards in painted 
surfaces in a single spray application, in contrast to 
the 3-4 spray applications usually necessary with 
RH-195/TCE. The lacrimator CN, against which 
RH-195/TCE is not effective, is also readily decon- 
taminated with this system. The time, manpower, 
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and amount of materials required for the use of the 
two systems are comparable. Outdoor evaluations 
have indicated satisfactory spraying properties for 
the dispersion system, and removal by washing with 
water is accomplished fairly easily in most cases. 

In place of S-210, S-461 may be used in the potas- 
sium oleate/tetrachloroethylene dispersion system.!® 
However, in spite of its higher active chlorine con- 
tent, S-461 has not proved more effective than 8-210 
in the dispersion system. The instability of S-461 
toward heating would result in danger on storage and 
shipment, and no satisfactory combustion inhibitor 
has been found. 

The readily available chloramides RH-195 and 
CC-2 cannot be employed in the potassium oleate/ 
tetrachloroethylene systems. Since these chloramides 
are stocked by the Army and Navy, special considera- 
tion has been given to the development of systems 
based on these as well as on other chloramides. Some 
promise has been indicated for a dispersion of RH-195 
in a mixture of tetrachloroethylene and a white oil 
sodium sulfonate, but the results are generally less 
satisfactory than with the S-210 potassium oleate 
system described above.!*:!5 

Under Navy auspices an emulsion paste system 
was developed which had certain advantages over 
the potassium oleate dispersion, particularly from 
the viewpoint of logistics.“ It has the following 
composition: 


Parts 
Component by weight 
Tetrachloroethylene 18 
Emulsifying agent (either the monolaurate or 
monooleate of sorbitan, Span 20 or Span 80) 2 
8S—461 or S-210 
Water (which need not be stored) 50 


A comparison of this system with the potassium 
oleate/S-210 paste and with the standard RH-195/- 
TCE solution showed that the latter is the most 
efficient and the easiest to use in decontamination 
of H in Navy deck paint.*°-* The factors considered 
in this study include rapidity of action, storage re- 
quirements, and the work involved in preparation 
and use. 


SPECIAL STUDIES 


EFFECT oF H AND oF DECONTAMINATION TREAT- 
MENTS ON ÅIRPLANE FABRICS 


32.4 


Work has been carried out to determine the extent 
of damage to fabric surfaces of combat airplanes 
which would result from war gas attack and from 
decontamination treatments.’ At moderate concen- 


DECONTAMINATION 


trations (5 g/sq yd) of Levinstein H, neither tem- 
porary nor permanent injury to coated fabrics of the 
types used in Army and Navy aircraft resulted. How- 
ever, the mustard penetrates the coatings and consti- 


tutes a definite hazard for several days under ordinary 


weather conditions. At high concentrations of H 
(15 g/sq yd) there 1s considerable initial loss of taut- 
ness of the fabric but recovery of satisfactory taut- 
ness occurs after overnight aeration. In decontami- 
nating tests, the nitrocellulose-coated fabric used on 
military planes was decontaminated satisfactorily 
with the standard RH-195/TCE solution. However, 
this system caused serious loss of tautness of fabrics 
coated with the cellulose acetobutyrate lacquer used 
on Navy planes. 


ESTIMATION OF DAMAGE FROM A WAR GAS ATTACK 
ON FACTORIES 


It was found that equipment typical of that present 
in factories tends to absorb and hold mustard, chiefly 
in crevices, paint, and oil, to such an extent that a 
severely mustardized factory would not be usable for 
a period of about 1 week in mild weather or a con- 
siderably longer time in cold weather.® The corrosion 
of metals by mustard gas, particularly in the presence 
of moisture, would be considerable although in most 
cases probably insufficient to prevent operation of the 
machinery. Decontamination by bleach-water slurries 
or by solutions of RH-195 or CC-2 in tetrachloro- 
ethane is effective but these agents are corrosive and 
clean-up after their use might be difficult. The use ot 
the S-210/potassium oleate/tetrachloroethylene sus- 
pension described above would probably be ad- 
vantageous in the event that decontamination more 
rapid than aeration is desired. 


DECONTAMINATION OF CARBON-TREATED FABRICS 


The NDRC has sponsored the development of 
protective fabrics carrying active carbon, which pro- 
tect efficiently against vesicant gases (see Chapter 
27). Work has also been carried out on the develop- 
ment of practical methods for the regeneration of 
these carbon-treated fabrics after a chemical warfare 
attack. It was desired to obtain decontamination 
methods which injure neither fabric strength nor the 
protective power against vesicants, and which re- 
quire a minimum of time, labor, special chemical 
agents, and equipment. The effects of contamination 
and decontamination treatments on the protective 
powers of the fabrics have been estimated by tests 
of retention efficiency and by patch tests on rabbits.'® 
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SPECIAL 


All conclusions resulting from this work are subject 
to further confirmation in chamber tests on human 
beings. 

The effective decontaminating methods developed 
are classified as (1) washing techniques, suitable for 
use where laundering facilities are available, and 
(2) dip treatments, suitable for emergency first-line 
decontamination of carbon clothing. 

Where laundering facilities are available, it has 
been shown that washing with dilute (0.5 per cent) 
aqueous Kalye-A solution at a higher temperature 
than usual (80 C) is effective in giving essentially 
complete decontamination of both carbon-coated and 
carbon-rayon fabries.5 Fabrics which have been 
treated with five cycles of contamination with H 
and decontamination with hot Kalye-A solution have 
shown no loss in ability to retain adsorbed H, as 
judged by vapor retention efficiency and animal tests. 
Fabric strength is not injured by this treatment. The 
relatively high laundering temperature is essential 
for complete decontamination. The use of Kalye-A 
appears particularly valuable because of its detergent 
powers; ordinary soaps and synthetic detergents are 
unsuited for use in laundering carbon-treated fabrics 
since they cause extensive lowering of the ability of 
the fabric to absorb and retain vesicants. Boiling 
water alone will effect fairly complete decontamina- 
tion of H in carbon-treated fabrics without apparent 
injury to the fabric, but, of course, has no detergent 
value. 

Where laundering facilities are not available, a 
"dip treatment" may be used. Carbon-treated fabrics 
contaminated with H are rapidly decontaminated by 
simple immersion in cold aqueous suspensions of 
RH-195 containing sodium carbonate as a buffer.!5 
Biological and vapor retention efficiency tests have 
indicated that damage to the absorptive powers of 
fabric is relatively slight. Similarly, bleach slurries 
have given effective decontamination at low tem- 
peratures. These chloramide and bleach treatments 
have not appeared to injure the tensile properties of 
the fabrics. It is believed that these treatments should 
be valuable for decontamination of carbon-type pro- 
tective clothing under emergency conditions in the 
field. They may also be used to advantage as pre- 
treatments, to be tollowed by Kalye-A laundering as 
indicated in the preceding paragraph, in which case 
the laundering temperature may be 60 C or lower. 

Nitrogen mustards adsorbed on carbon-treated 
fabric appear to decontaminate spontaneously and 
fairly rapidly on aging, but there is considerable 
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damage to the adsorptive powers of the fabric particu- 
larly at high concentrations of nitrogen mustards.!$ 
Both the Kalye-A laundering and the chloramide or 
bleach treatments appear to be effective for the re- 
moval of the nitrogen mustard residues from the 
fabric and for giving good regeneration of its pro- 
tective ability. 


THICKENING OF BLEACH SLURRIES 


For general decontamination of vesicants, the 
Chemical Warfare Service has adopted the use of a 
40/60 bleach/water slurry modified with sucrose as 
an antisetting agent. However, this slurry has been 
unsatistactory because of its fluidity, which causes it 
to run off vertical surfaces. Division 9 developed a 
satisfactory method for thickening this 40/60 bleach/ 
water slurry.!? It was found that addition of 0.25 per 
cent micropulverized asbestos based on bleach, pre- 
ferably used in conjunction with Duponol ME as a 
wetting assistant, causes thickening of the bleach 
slurry of the order desired. 


MeEtTHODS OF TESTING [THOROUGHNESS OF 
DECONTAMINATION 


In laboratory work it has been shown that there is 
only one truly satisfactory method of determining 
when a surface has been decontaminated sufficiently 
to be safe !? 245.44 for limited contact with human skin. 
This is the so-called patch test wherein a small 
panel cut from the surface being tested is worn in 
actual contact with human skin for a period of 30—60 
minutes. The wearing period is followed by observa- 
tions of the physiological effects. 

Work in several laboratories has attempted to cor- 
relate the physiological testing with chemical meth- 
ods of testing. One of the closer approximations has 
been worked out by the Chemical Warfare Service.?? 
This method uses the DB-3 test tor mustard gas and 
related compounds. Detector tubes containing silica 
gel impregnated with a DB-3 composition are ex- 
posed for a definite time to the area decontaminated, 
then heated and developed by the addition of sodium 
hydroxide solution. The intensity of the blue color 
developed is a semiquantitative indication of the 
amount of H vapor evolved during exposure. Color 
standards have been set up corresponding to "safe," 
"reasonably safe," and "unsafe," as determined by 
patch tests involving human skin tests with the same 
panel. 

A similar scheme has been worked out by the Naval 
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Research Laboratory using test papers impregnated 
with a chloramide and Congo red.“ An obvious limi- 
tation of these chemical tests is based on the fact 
that they measure only the vapor evolved from a 
surface, and hence do not provide a real evaluation 
of the danger inherent in contact exposure of long 
duration. 

In one large-scale series of experiments utilizing 
1,800 human volunteers, tests were carried out to 
correlate four methods of chemical detection of H in 
H-contaminated material with the irritancy of the 
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material when applied to human skin for limited 
periods of time.” Twenty-one materials were used. 
The chemical methods were: (1) the chloramide- 
Congo red paper (Spotted Dick), (2) the DB-3 paper, 
(3) the DNB paper, and (4) the DB-3 cup test. None 
of the detector methods indicated at all readings 
what the skin reaction would be with every one of 
the materials. On the whole, the papers were some- 
what better indicators of potential irritancy than the 
cup method. Of the papers, the Spotted Dick gave 
slightly more reliable results than the others. 
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INTRODUCTION TO STUDIES 


ON DETECTION, IDENTIFICATION, 


ASSESSMENT, AND FIELD ANALYSIS OF CHEMICAL 
WARFARE AGENTS 


By Carl Niemann ° 


HIS AND THE SIX following chapters deal with the 
mn. carried out in Division 9 (formerly Division 
B) of the National Defense Research Committee 
[NDRC] on the detection, identification, analysis, 
and field assessment of chemical warfare agents. The 
greater part of the work was carried out in Section 
9.3 (formerly B3-B) and was guided by Service 
Directives CWS-6, CWS-14, NL-B25, NL-B32, 
NL-B33, NA-106, and AC-59. 

It should be pointed out that the OSRD reports 
submitted by members of Section 9.3 do not repre- 
sent the entire contribution made by the section 
relative to the above problems. In many instances it 
was necessary to work in close collaboration with the 
Armed Services, and in the interest of efficient and 
productive operation it was considered desirable to 
ignore organizational credit, particularly in respect 
to the NDRC. Thus many contributions made by 
section personnel are to be found in Service reports. 
This was particularly true in field work where, for 
purposes of morale and effective operation, it was 
imperative to remove the barrier between civilian 
and Service personnel, and the concession made by 
the NDRC in this direction indeed was small when 
compared with the results obtained at those installa- 
tions where this attitude prevailed. 

One can not avoid the conclusion that many of the 
section’s activities were devoted to military problems 
which are now of historical interest only. In retrospect 
it appears reasonably certain that adequate methods 
were developed for the identification of the tradi- 
tional chemical warfare agents and an account of 
this work is presented in Chapter 35. Of the mis- 
cellaneous problems presented to the section for so- 
lution it would appear from the account given in 
Chapter 39 that reasonable solutions were provided 
in practically all cases. The development of adequate 





a The author is indebted to Dr. Morris Jacobs for the prepa- 
ration of a preliminary draft of manuscript. He is also indebted 
to Prof. E. H. Swift and to Messrs. Edward Bennett, David 
Brown, and George Holzman, all of the California Institute of 
Technology, for their assistance during the preparation of the 
final manuscript. 





methods for the field assessment of the persistent 
chemical warfare agents occupied much of the sec- 
tion’s time and a description of this work is given in 
Chapters 36 to 38, inclusive. This activity was not 
only of value for the determination of munition re- 
quirements for the tactical use of persistent chemical 
warfare agents but also for the opportunity it gave 
for a realistic appraisal of the potentialities of tradi- 
tional chemical warfare from the viewpoint of both 
offense and defense. 

The determination of the presence or absence of a 
particular chemical warfare agent or a group of chem- 
ical warfare agents 1s not too difficult a task and many 
of the detectors described in Chapter 34 are suitable 
for this purpose. It should be pointed out that there is 
some question whether a chemical detector is really 
required for the detection of the common chemical 
warfare agents with the exception of the mustards 
(Chapters 5 and 6) and the newly developed Trilons 
(Chapter 9), because all of the others betray their 
presence in sublethal concentrations by characteristic 
odors or by their irritating qualities. 

If a chemical warfare agent is present it becomes 
important to know the degree of hazard created by 


its presence. There is a tradition that the degree of 


hazard can be expressed as the product of the inte- 
grated concentration and the time of exposure, 1.e., 
the dosage (Ct). It is well known that under field 
conditions absolute instantaneous concentrations 
vary greatly with time particularly when the absolute 
concentration is low. It is too much to expect that 
an observer will be able to obtain a reliable integrated 
value by making a series of determinations of the 
instantaneous concentration at arbitrary time inter- 
vals. What is required for the observer is an instru- 
ment capable of integrating successive instantaneous 
concentrations over selected time intervals and indi- 
cating the answer at any one time. Such an instru- 
ment is described in Chapter 38 and although this 
particular instrument does not satisfy the physical 
requirements of a device to be used in forward areas, 
it does suggest the principles to be followed. 
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If the errors introduced by the assumption that the 
degree of hazard is independent of the magnitude of 
the absolute concentration prove too large to be ig- 
nored, and this is very likely, it will then be neces- 
sary to develop an instrument that will recognize and 
take into account the phenomena of threshold con- 
centration arising from detoxification and reventila- 
tion processes. Such an instrument can and must be 
developed if a satisfactory device for determining the 
degree of vapor hazard arising from chemical war- 
fare agents is to be obtained. To continue the practice 
of ignoring the basic problem because of the desire to 
have a simple if not primitive device certainly can 
not be productive. 

With an instrument such as that indicated above 
at hand it should be emphasized that information 
will be obtained in respect to the degree of vapor 
hazard prevailing at the point or points of observa- 
tion. To evaluate the degree of vapor hazard obtain- 
ing over an area not only requires observation of the 
degree of vapor hazard prevailing at à number of 
points but also proper evaluation of the meteorologi- 
cal and topographical factors. There has been an 
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unfortunate tendency to associate micrometeorology 
with offensive tactics only, whereas it is probably of 
much greater value in devising suitable defensive 
measures because one can take observations on the 
spot and no remote forecasting is required. 

The determination of the degree of hazard arising 
from the presence of liquid chemical warfare agents is 
discussed in Chapter 34. Few if any general con- 
clusions can be drawn because the degree of liquid 
hazard is so intimately associated with topographical 
and climatological factors which can vary greatly 
between wide limits. It would appear, however, that 
this hazard in the past has been greatly over- 
emphasized. 

In the following chapters a serious attempt has 
been made to discuss the section’s activities in as 
comprehensive manner as possible, whereas contri- 
butions made by other organizations and individuals 
are discussed only in so far as information in regard- 
to their activities was available to the author. Be- 
cause of the varying quality of liaison there is little 
doubt that many contributions, particularly those 
made abroad, escaped attention. 








Chapter 34 
DETECTION OF CERTAIN CHEMICAL WARFARE AGENTS 


By Carl Niemann 


34.1 INTRODUCTION 


OR THE SAKE of discussion a distinction is drawn 
FUE oos detection and identification processes. It 
is considered that detection implies the determina- 
tion of the presence or absence of a particular sub- 
stance, whereas identification is the more general 
process wherein no or rather broad limits are 1m- 
posed in regard to the nature of the substance to be 
characterized. Following there is discussed, first, the 
general nature of the tests proposed for the detection 
of certain chemical warfare agents and subsequently, 
their application as practical detectors. 


SPECIFIC TESTS FOR DETECTION 
OF CERTAIN CHEMICAL WARFARE 
AGENTS 


34.2 


To be useful for the detection of a particular chemi- 
cal warfare agent a test must be (1) specific, to insure 
reliability, (2) sensitive, to be useful, and (3) practi- 
cal, to permit its use under field conditions. Since 
there are few if any simple tests that will differentiate 
homologs, in practice a test is considered to have 
adequate specificity if it will provide for the un- 
ambiguous recognition of a particular family of 
homologs or a group of compounds, each member of 
which contains the same functional groups. 


34.2.1 Detection of Mustard Gas 


One of the most significant problems facing in- 
vestigators before and immediately after the out- 
break of hostilities was the development of specific 
tests for mustard gas for field use in the event of em- 
ployment of chemical warfare agents. To be sure, 
there were a number of tests described in the litera- 
ture, the principal ones being the sodium iodoplati- 
nate test, the gold chloride test,? Grignard's test,!?* 
the 8-napthol test,?" and the selenious acid test.!*6 
These tests were not sufficiently specific for mustard 
gas and were also inadequate from the point of view 
of sensitivity. There were other tests of even more 
dubious value described in the literature.7:555 [n a 
Chemical Warfare Service study in 1928,” five types 
of reactions were considered for the detection of 


Ju 


mustard gas. The most useful tests were the indophe- 
nol blue, silver nitrate, Grignard’s sodium iodide, 
sodium nitroprusside, and auric chloride tests. To 
this, perhaps, might be added the quinone dichlor- 
imide and mercuric nitrate test for special use in the 
detection of liquid mustard gas. The sodium iodide 
test for the detection of mustard vapor, even in the 
absence of any possible interference, was inadequate 
because of its lack of sensitivity. No conclusion was 
reached in the study cited as to which of the above 
was the best all-round test. None possessed all the 
desirable properties of high specificity and sensitivity 
and simplicity of operation. The sodium nitroprusside 
test was most frequently used in experimental work 
on the destruction of mustard gas. Grignard’s sodium 
iodide reagent or the modified reagent was found to 
be best suited to the detection of mustard gas in con- 
taminated soil. In the testing of the atmosphere for 
mustard vapor, the use of an absorbing bubbler 
proved to be best. The detection of mustard vapor 
with impregnated test papers was not developed to a 
practical stage. 

DB-3 Reagent. During 1941 a new reagent wasfound 
which offered particular promise for the detection of 
mustard gas.? This reagent was 4-(p-nitrobenzyl)- 
pyridine (DB-3). This substance will react with any 
compound containing an alkylating functional group 
to give a pyridinium compound which can be con- 
verted to a highly colored basic form by the addition 
of alkali. There is a very close analogy between the 
above reaction and the formation of the cyanine dye- 
stuffs. Since mustard gas is an excellent alkylating 
agent, its reaction with DB-3 is readily understood. 
The reaction of DB-3 with a great variety of com- 
pounds has been studied,? and at present the be- 
havior of this reagent toward different types of 
compounds can be accurately predicted. Other pyri- 
dine derivatives were found to be as sensitive as 
DB-3 but were either unstable or developed colors 
which were less intense than that of DB-3.?*.5,2^ Be- 
cause of the importance of this reagent and its 
scarcity, it was necessary that methods for its prepa- 
ration be developed. Such methods were soon avail- 
able *-9.88 and adequate supplies of this reagent were 
on hand at all times. 
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Spotted Dick Test. The so-called Spotted Dick test 
which was widely used by British Empire units was 
based upon the reaction of an N-chloramide with 
mustard gas to give hydrochloric acid, which in turn 
was detected by means of a suitable indicator. The 
application of this test will be described in a subse- 
quent section. 

Iodoplatinate Test. Although the 10doplatinate test 
is described in the open literature, the nature of the 
reaction is not completely disclosed. By isolation of 
the products formed it has been shown ? that the 
reaction of sodium iodoplatinate with mustard gas 
and analogous sulfides consists in complex formation 
with platinum iodide according to the reaction: 


[(CICH:CH2):S] PtI: + I: 


Thiourea Test. Mustard gas will condense with 
thiourea to give the hydrochloride, (HN)C(NH2) 
SCH,CH.SCH2CH2S(NH:)C(NH)-2HCl. The fol- 
lowing have been tound to be the most sensitive 
conditions for the test.!°? The sample in B-ethoxy- 
ethyl alcohol is treated with a solution of thiourea 
in the same solvent and boiled for 1 minute. The re- 
action mixture is cooled and diluted with 2 volumes 
of water, 1 drop of 2 N sodium hydroxide solution is 
added, and the mixture is warmed to 50 C (approxi- 
mately) for 15 seconds, but not boiled. The mixture 
is cooled and an excess of nickel sulfate and 0.5 ml 
trichloroethane are added and the mixture shaken. 
A red color in the trichloroethane indicates the 
presence of mustard gas. 

Miscellaneous Tests. For purposes of record, atten- 
tion is called to a number of studies which had as 
their purpose the disclosure of new methods for the 
detection of mustard gas by either chemical 17:1730 
or biological means.*.7.16.60 


34.2.2 Detection of Certain Arsenicals 


Methods for the detection of arsenicals had not 
been extensively investigated prior to World War II. 
The principal method relied upon was the detection 
of arsenic by means of some modified Gutzeit method. 
For Lewisite, however, the Ilosvay test depending 
upon the red color produced with acetylene was 
principally quoted. Since these methods and the 
others in the open literature were inadequate, a 
search was made for more suitable arsenical de- 
tectors, bearing in mind that the compounds of most 
interest were those of the type RAsX». 

Zinc Sulfate—M olybdic Acid Test. Silica gel impreg- 
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nated with a mixture of zinc sulfate and molybdie 
acid provides a direct, specific, and fairly sensitive 
detector for arsenicals, such as Lewisite, ethyl di- 
chlorarsine, and methyldichlorarsine.!® The test is 
very simply performed by drawing air to be tested 
through a tube containing the impregnated gel, wait- 
ing 1 minute, and examining the tube for the appear- 
ance of the color. A blue or green coloration at the 
intake end of the gel indicates the presence of an 
arsenical. 

Cuprous Iodide Test. A test for Lewisite based upon 
the cuprous acetylide test was devised using silica 
gel impregnated with cuprous iodide.A red ring forms 
at the intake end of the gel layer within 30 seconds 
after the addition of 10 per cent sodium hydroxide 
solution with 3-6 ug or more of lewisite vapor.*? 

Thiocarbazone Reagents. The use of diphenylthio- 
carbazone as a reagent for the detection of tripositive 
arsenicals 9^ suggested that other thiocarbazones 
might be found which would be superior to the proto- 
type. Therefore a number of substituted diphenyl- 
thiocarbazones were prepared and their value as de- 
tectors for tripositive arsenicals determined. !9 74:77:31,382 
The thiocarbazones were prepared either from the 
corresponding amines through the nitroformazyl or 
from the hydrazines through the arylthiocarbazic 
acid pyridine salt. Two of the substituted phenyl- 
thiocarbazones prepared, di-p-biphenylthiocarbazone 
(DBT) and di-o-phenoxyphenylthiocarbazone (DPT) 
appeared to offer promise as detectors for tripositive 
arsenicals. 

Dianisylpropylene Reagent. Unsymmetrical diaryl- 
ethylenes which contain positive, that is, electron- 
donating groups in the aromatic nuclei have been 
known for a long time to give colored addition 
products with a variety of substances. Twelve diaryl- 
ethylenes were synthesized and tested as detectors 
for tripositive arsenicals. Dianisylpropylene (DAP) 
was found to be the most promising compound.?? 
Silica gel mixed with 5 per cent dry DAP gave a color 
directly when exposed to 1 ug or less of ethyldi- 
chlorarsine or lewisite, but the gel mixture was not 
stable for many days at 60 C. In air of high humidity, 
the sensitivity of the test is greatly decreased. 

Miscellaneous Organic Reagents. A large number of 
organic compounds were investigated in regard to 
their possible use as detectors for tripositive arseni- 
cals.'7:23,36a The most promising of the group investi- 
gated were several nitro compounds notably p,p’- 
dinitrostilbene-o,o'-disodium sulfonate and 5- (or 8-) 
nitroisoquinoline. The detection reaction involved 
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reduetion of the nitro group by the arsenical in the 
presence of alkali to give a dyestuff. 

Miscellaneous Tests. For purposes of record, atten- 
tion is called to a number of studies which had as 
their purpose the disclosure of new methods for the 
detection of arsenicals by either chemical or biologi- 
cal methods.! 3.67.18 


34.2.3 Detection of Nitrogen Mustards 


The nitrogen mustards may be recognized by tak- 
ing advantage of their basic properties to produce a 
color change in an acid-base indicator, to control the 
pH in a metal ion-indicator coupling reaction such as 
nickel-dimethylglyoxime, and to form a precipitate 
with reagents such as picric acid, mercuric chloride, 
sodium iodoplatinate, chloroplatinic acid, chlorauric 
acid, phosphomolybdie acid, Dragendorff’s reagent 
(KBiL), and Mayer's reagent (KHgl;).15.9.55.1* 'The 
more important of the above tests as well as several 
others are discussed in the following paragraphs. 

DB-3 Test. Because of their similarity to mustard 
gas in being alkylating agents the nitrogen mustards 
give a positive test with the DB-3 reagent. 3*».^ 

Dragendorff Reagent. Among the so-called alkaloid 
reagents, the Dragendorff reaction proved to be 
useful for the detection of the nitrogen mustards.? 59. 
$7,88,6 Attention is called to an improved preparation 
of this reagent.* | 

Miscellaneous Tests. Attention 1s called to several 
studies which had as tbeir goal the development of 
tests suitable for the detection of the nitrogen 
mustards.?.H.!7 


Detection of Fluorine-Containing 


Chemical Warfare Agents 


Detection of Fluoride Ion. In view of the absence 
of a reasonably specific test for many of the com- 
pounds containing fluorine, much effort was ex- 
pended in trying to develop a simple method for con- 
verting covalent bound fluorine to fluoride ion and 
detecting the latter substance. In general either 
hydrolytic, oxidative, or pyrolytic methods were used 
for the formation of fluoride ion. British investigators 
favored oxidative methods of degradation allowing 
the detection of fluoride ion by a glass etching 
test.1%-1% Alternative methods of detecting fluoride 
ion were also studied !:1°-1°%> using chromotropic 
acid and boric acid. Pyrolytic methods of decomposi- 
tion were studied by both British and American in- 
vestigators using zirconium or thorium lakes of 
alizarin or purpurin to detect the fluoride ion 
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formed.*2:69:10%a An ingenious method was developed 
for carrying out the pyrolytic reaction ° using the 
heat arising from the exothermic oxidation of 
methanol over platinized silica gel. 

Detection of Fluoroacetate. Fluoroacetate can be 
hydrolyzed by alkali to torm fluoride and glycollic 
acid. This latter substance can be converted by the 
action of strong sulfuric acid into formaldehyde and 
the latter detected with the aid of chromotropic 
acid. 

Detection of Dialkyl Fluorophosphates. The dialkyl] 
fluorophosphates are alkylating agents and therefore 
can be detected with the aid of the DB-3 reagent.**4 
A biological test dependent upon the production of 
miosis by the dialkyl fluorophosphates has also been 
deseribed.^5 

Detection of Disulfur Decafluoride. Approximately 
30 easily oxidizable aromatic compounds including 
some of the better oxidation-reduction indicators 
were investigated in regard to their usefulness for 
the detection of disulfur decafluoride.“ Of the sub- 
stances investigated, p-phenylenediamine was found 
to be the most satisfactory. 


34.2.5 Detection of Cyanogen Chloride, 
Hydrocyanic Acid and Related Compounds 


Pyrazolone-Pyridine Reagent. An important reac- 
tion for the detection of cyanides and other cyanogen 
compounds is based upon the reaction of cyanogen 
chloride with a mixture of pyridine (or a pyridine 
derivative) and phenylmethylpyrazolone to form a 
dyestuff.*? This reaction can be used not only for the 
detection of cyanogen chloride but also for hydrogen 
cyanide, certain nitriles, thiocyanates, chlorine, and 
chloramides.*? For the detection of hydrogen cyanide, 
nitriles, and thiocyanates, preliminary treatment 
with chlorine or a chloramide to form cyanogen 
chloride is necessary. A variation of the above test 1s 
based upon the formation of a red dyestuff by the 
action of cyanogen chloride on a mixture of benzyl- 
pyridine and barbituric acid.” 

DB-3 Reagent. Cyanogen chloride will react directly 
with DB-3 to give a red dyestuff.**!25°9 The re- 
action presumably involves cleavage of the carbon 
nitrogen bond in the pyridine nucleus and there- 
fore differs from the reaction of DB-3 with acyl 
halides. 

Detection of Hydrogen Cyanide. The liberation of 
hydrogen ion by the reaction of hydrogen cyanide 
with mercuric chloride is well known. A mixture of 
metanil-yellow and mercuric chloride has proved to 
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be a useful reagent. A picric acid reagent has also 
been used for the detection of hydrogen cyanide.*?? 

Detection of Ethyl Dimethylamidocyanophosphate. 
This compound readily hydrolyzes to form hydrogen 
cyanide and can be detected by any reagent suitable 
for the detection of hydrogen cyanide.!° 


34.2.6 General Screening Reagents 


Reagents such as chloraurie acid 9.55 which will 
react with a large number of chemical warfare agents 
possess considerable utility despite their lack of 
specificity. These reagents can be used to determine 
the presence or absence of a large group of chemical 
warfare agents and in this manner expedite identifica- 
tion. Despite considerable study ?5??.2*" no reagents 
superior to chlorauric acid for the above purposes 
were discovered. 


34.3 VAPOR DETECTORS FOR CERTAIN 
CHEMICAL WARFARE AGENTS 


In the previous section tests suitable for the detec- 
tion of certain chemical warfare agents were discussed 
without regard to application. The utilization of 
these and other tests in the development of practical 
devices suitable for the detection of certain chemical 
warfare agents when present in the atmosphere under 
field conditions will now be considered. It is obvious 
that detectors must be simple in their operation, 
rugged, and reasonably reliable. They must also be 
able to withstand shipment and storage under ad- 
verse conditions. The two types of vapor detectors 
developed and used during this war were the impreg- 
nated silica gel type and the impregnated paper type. 
In the former the detection reaction was allowed to 
take place on silica gel granules, and in the latter, on 
the fibers of a suitable paper. 


Impregnated Silica Gel Vapor 


Detectors 


The use of impregnated silica gel for the detection 
of chemical warfare agents was initiated at Edge- 
wood Arsenal. In general the detectors were made by 
placing a 10-mm column of suitably impregnated 
silica gel in a 40-mm length of 2-mm glass tubing and 
holding the gel in position with cloth plugs. In view 
of the fact that an adequate summary of the various 
individual detectors developed during the past four 
years 19,94e, f,g h, 35e, f, b, i, 1,54,55,65, 87 15 available,*4the present 
discussion will be limited to the more general features 
of silica gel type vapor detectors. 


34.3.1 
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Silica Gel. Only certain types of silica gel are 
generally useful for the construction of silica gel-type 
vapor detectors. The most satisfactory is the so- 
called Davidson low-density silica gel. It was found 
necessary to process the commercially available gel in 
order to reduce the iron content and to control the 
acidity of the gel.%5°.37a,b 

Adsorption of Sample. The silica gel vapor detector 
is ordinarily operated by aspirating air through the 
detector tube with a manually operated pump or 
bulb. With certain substances, suitable impregnated 
gels can be found which react directly with the 
substance or substances to be identified to give a 
characteristic stain or color. In other cases it may be 
necessary to adsorb the sample on an impregnated or 
unimpregnated gel and then add a liquid or gaseous 
reagent to complete the test. Conversely, a reagent 
may be added first and the sample then absorbed. In 
still other cases, notably with the DB-3 reagent, the 
sample is first adsorbed on an impregnated gel, the 
tube heated to facilitate the first stage of the reaction 
and then a liquid reagent added to complete the test. 

It is generally true that all nonpersistent chemical 
warfare agents are poorly absorbed on silica gel and 
in these cases, in order to obtain reasonable sensitiv- 
ity, an impregnated gel that will give a direct test 
with the substance to be detected must be employed. 
Because of this poor adsorption of nonpersistent 
agents by silica gel it should be remembered that 
even when the gel is impregnated with a reagent that 
will react with the substance being detected, only a 
fraction of the substance will be adsorbed on the gel 
and the stain or color will be distributed uniformly 
throughout the visible surface of the gel. Therefore, 
except under very closely controlled conditions, it is 
unlikely that detector tubes of the impregnated silica 
gel type can be used for the quantitative or even semi- 
quantitative estimation of vapor concentrations of 
nonpersistent agents, although they may be useful 
for their identification. 

The persistent chemical warfare agents are readily 
adsorbed on unimpregnated silica gel, provided the 
absolute humidity is low. With increasing absolute 
humidity the adsorption process becomes less ef- 
ficient, and at bigh absolute humidities significant 
quantities of agent may not be adsorbed. With im- 
pregnated silica gels the effect of water vapor may 
not be significant, provided the substance reacts 
rapidly with the reagent in and on the gel. If the re- 
action between substance and reagent is slow, the 
effect is approximately the same as in the case of the 
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unimpregnated gel. The behavior of the nitrogen 
mustards and mustard itself in the BD-3 detector 
tube provides an instructive example of the effect of 
water vapor on the performance of an impregnated 
silica gel-type detector tube. It is well known that 
the nitrogen mustards react with DB-3 much more 
rapidly than does mustard gas. Consequently, when 
air containing one of the nitrogen mustards is passed 
through a tube containing silica gel impregnated with 
DB-3, the absorbed nitrogen mustard reacts with the 
reagent at a fairly rapid rate and, even in the presence 
of large amounts of water vapor, the colored zone 
formed after heating and development with alkali 1s 
clearly defined and its length bears some relation to 
the amount of nitrogen mustard introduced into the 
tube. However, with mustard gas the rate of reaction 
with the reagent is slow, and in the presence of ap- 
preciable amounts of water vapor the agent is dis- 
tributed throughout the gel column with a concentra- 
tion gradient being established between the two ends 
of the column. Therefore, after heating and develop- 
ment, a diffuse stain with no sharp boundaries is 
obtained. The collection of tripositive arsenicals on 
silica gel is complicated by the fact that in the pres- 
ence of water vapor these substances undergo rapid 
hydrolysis with the result that practically no sub- 
stance gets beyond the first fraction of a millimeter 
of the gel column, thereby rendering detection 
difficult. 

Sensitivity of Detectors. Extensive studies 76,31. 
68.79 on the sensitivity of the various impregnated 
silica gel-type detectors demonstrated, in general, 
that while the sensitivity of these detectors was 
superior to other types of detectors, the sensitivity 
was profoundly influenced by temperature and 
humidity. 

Summary. In general it may be concluded that 
impregnated silica gel-type detectors are useful for 
identifying certain chemical warfare agents or groups 
of chemical warfare agents but that their applica- 
tion to quantitative or semiquantitative problems 
is not warranted. 


34.3.2 


Papers impregnated with appropriate reagents 
were studied extensively with regard to their applica- 
tion as practical detectors for chemical warfare 
agents. There is little doubt that impregnated paper 
detectors can be usefully employed in the identifica- 
tion of many chemical warfare agents although in 
general they are less sensitive than equivalent im- 
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pregnated silica gel-type detectors. It should be 
pointed out that it is generally necessary to aspirate 
air through an impregnated paper in order to obtain 
a satisfactory test, although with a paper impreg- 
nated with a reagent and micronized silica gel it has 
been claimed that aspiration 1s not necessary. 

Mustard Gas Detectors. Although considerable ef- 
fort was expended in the development of satisfactory 
detector papers for mustard gas,°:?6,79,87,90,9,121 the 
only papers that could be considered at all practical 
were those based either upon the reaction of mustard 
gas with DB-3 or its derivatives,?** 5 or upon the re- 
action of mustard with an N-chloramide and subse- 
quent detection of the hydrogen chloride formed.*: 
107,124,132 

Arsenical Detectors. Despite extensive search only 
two general types of impregnated papers were found 
to offer promise for the detection of arsenicals. These 
were papers impregnated with diphenylthiocarbazone 
or its derivatives 4:24:32,35b,78h,94 and papers impreg- 
nated with potassium iodide and starch.!?.23.?5 At- 
tention is called for purposes of record to a paper for 
the detection of arsine * and investigations on the re- 
duction of chromates by arsenicals.° 

Nitrogen Mustard Detectors. The development of 
papers suitable for the detection of the nitrogen 
mustards received considerable attention both in 
England and in Canada, %:99.115—118,126,128 and a sum- 
mary of this work has been prepared." For field de- 
tection, an acid iodoplatinate paper was adopted." 
A paper employing DB-3 and one using acidified 
phloxine has also been described.**:77 

Miscellaneous Detector Papers. A number of partic- 
ularly useful detector papers were developed for use 
with a paper tape recorder. These detector papers are 
described in Chapter 38. Papers were also developed 
for the detection of vesicants in materials after de- 
contamination”! and for the detection of phosgene,'^ 
fluoride, disulfur decafluoride "9° and ethyl 
dimethylamidocyanophosphate.!"° 


34.4 DETECTOR PAINTS, POWDERS, 


AND CRAYONS 


Detector paints, powders, and crayons were de- 
veloped for the detection of liquid chemical warfare 
agents. They are not useful as vapor detectors. The 
principal use of detector paints, powders, and crayons 
is to define the extent and degree of hazard produced 
by the persistent chemical warfare agents when 
present as liquids. 
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DETECTOR PAINTS 

Paints suitable for the detection of liquid chemical 
warfare agents are of two basic types. In one type a 
dyestuff which is readily soluble in the chemical war- 
fare agent to be detected is incorporated into a paint 
whose principal pigment is insoluble in the agent. 
When a droplet of liquid agent is placed on a surface 
covered with such a paint, the agent dissolves the 
dyestuff present in the area of contact thereby caus- 
ing a local change of color. The other type of detector 
paint is based upon the chemical alteration of the 
pigment by reaction with the agent. This latter type 
of paint may respond to vapor but the sensitivity of 
the reaction is usually so low that such application is 
not recommended. 

Detector Paints Depending Upon Solvent Processes. 
A satisfactory paint for the detection of liquid 
mustard gas was developed by the British. This paint 
contained a chrome pigment and p-nitrophenylazo- 
6-napthylamine (B-1) as a dyestuff. Investigations in 
this country were directed toward modifying the 
British detector paint to meet local manufacturing 
conditions 4:59::75,80 and toward the disclosure of 
other dyestuffs more suitable than B-1. Attention 
was also paid to the formulation of paints that 
would distinguish between liquid mustard gas and 
lewisite.!?.36b 

Detector Paints Depending Upon Chemical Proc- 
esses. The use of a paint containing mercuric oxide 
has been suggested for the detection of liquid mustard 
gas?" and a standard green chromate paint for the 
detection of Lewisite.!? 


DETECTOR POWDERS 


As with detector paints, detector powders may be 
formulated on the basis of either solvent or chemical 
processes. In contrast to detector paints which may 
be used to define the extent and degree of liquid con- 
tamination on objects selected prior to the time of 
contamination, detector powders are of more general 
application. Detector powders may be used to define 
areas of contamination either before or after the act 
of contamination and are superior to detector paints 
for this reason. Both in England and on the Continent 
considerable attention was paid to the development 
of detector powders and means of disseminating them. 
It is to be regretted that comparable interest did not 
prevail in this country. Although several useful de- 
tector powders were developed 4:19:35a,¢,63,89,97 they 
were not exploited even to the extent of determining 
their usefulness under field conditions. 
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DETECTOR CRAYONS 


Detector powders may be used in the form of a 
detector crayon or chalk. Detector crayons as such 
are useful for detecting the presence of liquid or high 
vapor concentrations of certain chemical warfare 
agents, for example, in the case of leaking munitions. 
The crayon may also be reduced to a powder and used 
in this form. Attention is called to detector crayons 
that have been developed for the detection of 


mustard gas, arsenicals, and the nitrogen mus- 
tards.!0.51,56,63,64,72, 75 


34.5 DETECTOR KITS 


A number of kits were developed in order to pro- 
vide means for the detection of certain chemical 
warfare agents particularly under field conditions. As 
these kits were designed for use in forward areas, 
reliability was necessarily sacrificed for mobility and 
ease of operation. In general these kits are capable 
of providing presumptive evidence in regard to the 
possible presence or absence of a restricted group of 
chemical warfare agents. There is no doubt that some 
of them are very useful for purposes of restricted 
identification. There is also no doubt that none of these 
vapor detector kits is capable of giving reliable quanti- 
tative information or even semiquantitative information 
in regard to the concentration of a particular chemical 
warfare agent although they have been advocated for 
this use. 

British Vapor Detector  K11.38.85,98,108,10 This kit 
provides for the detection of mustard gas and the 
nitrogen mustards. A Spotted Dick test paper is 
used for the detection of mustard gas and an acid 
iodoplatinate paper for the detection of the nitrogen 
mustards. Considerable difficulty has been en- 
countered in using this kit under tropical condi- 
tions.'!3:29 Although this kit could be improved in 
detail, it has many commendable features. Its use 
for quantitative or semiquantitative purposes °° is 
extremely questionable. 

M-9 Vapor Detector Kit.®+ This kit which has 
been standardized by the Chemical Warfare Service 
contains impregnated silica gel-type detectors. It 
provides for the detection of mustard gas, the nitro- 
gen mustards, arsenicals, cyanogen chloride, and 
phosgene. It could be readily modified to provide for 
the detection of hydrogen cyanide. There is little 
doubt that for intelligence purposes the M-9 kit is 
superior to all foreign kits with regard to both 
sensitivity and versatility. However, it is incapable 
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of providing reliable quantitative or semiquantitative 
information and in its present form is not particularly 
convenient to use. 

Navy Mark I Vapor Detector Kit.?? In this kit im- 
pregnated silica gel detector tubes are provided for 
the detection of mustard gas, the nitrogen mustards, 
phosgene, Lewisite, cyanogen chloride, and hydrogen 
cyanide. A crayon for the detection of mustard gas 1s 
also included. In general this kit resembles the M-9 
detector kit although it has greater versatility and is 
superior to the M-9 kit in regard to ease of operation. 

Security Division Detector Kit.” A kit intended for 
use by the Security Division at Edgewood Arsenal 
provided for the detection of mustard gas, the nitro- 
gen mustards, Lewisite, hydrogen cyanide, cyanogen 
chloride, and phosgene, using silica gel detectors, 1m- 
pregnated papers, and reagent solutions. The kit 
appears to be satisfactory for the purpose for which 
it was designed. 

Detector Paper Kit? A kit containing three im- 
pregnated papers and one reagent, contained in sealed 
capillaries, was developed as an adjunct to the M-9 
kit. Provision was made for the detection of mustard 
gas, the nitrogen mustards, the arsenicals, phosgene, 
hydrogen cyanide, and cyanogen chloride. No pro- 
vision was made for aspirating air through the im- 
pregnated papers. Both sensitivity and specificity 
were low. 

OCD Detector Kit.2™ A kit was developed for pos- 
sible use by the Office of Civilian Defense. It con- 
sisted of two separate units. The first, a portable 
detector kit, could be carried to the scene of an 
incident and the second, a set of reagent solutions, 
could be used to identify or confirm the identification 
of any agent detected by the portable detector kit. 
The portable detector kit contained a screening 
tube which had two gel sections. The first gel section 
contained metanil yellow, DB-3, p-dimethylamino- 
benzaldehyde and sym-trimethoxybenzene. The sec- 
ond part of the gel contained metanil yellow, sodium 
acetate, and mercuric chloride. In using the tube, a 
sample of suspected air was drawn through the tube 
and the intake section of the tube was cautiously 
heated until the mercuric iodide changed color. If the 
tube did not show any direct color, nonpersistent 
agents were absent. If no test was obtained after 
development, persistent agents were absent. The 
second section contained: (1) 50 screening tubes, 
contained in two screw-capped vials, (2) 50 sampling 


tubes, contained in two screw-capped vials, (3) one 
small bottle filled with 10 per cent NaOH solution 
and provided with a medicine dropper, (4) one tube 
or bottle containing aniline adsorbed on pumice, and 
(5) one rubber bulb, pump, bellows, or other source 
of vacuum. 

Detector Kit For Blister Gases.47:49,732.>.d.¢.0.2 A kit 
was developed for detecting the presence of vesicant 
chemical warfare agents on foods and food packaging 
materials. This kit provided for the detection of 
mustard gas and its homologs, cyanogen chloride, the 
nitrogen mustards, the arsenicals, and certain toxic 
heavy metals. This kit is particularly noteworthy 
because of its employment of ingenious silica gel 
paper compositions.*! 

Water Testing Kit.2135* 48.78.82 A kit was developed 
which had for its purpose the detection of contami- 
nation of raw water by chemical warfare agents. 
Provision was made for the detection of mustard gas 
and arsenicals, and for the determination of the pH 
and chlorine demand. This kit was intended for 
screening purposes only and its findings were subject 
to confirmation through use of a more elaborate kit 
described in Chapter 39. Reference is made to 
Canadian and British kits designed for similar 
purposes." 

Enemy Detector Kits.^ It is of interest to note that 
the detectors employed in enemy detector kits were 
universally inferior in sensitivity and specifieity to 
those present in American or British kits. The Ger- 
man detector kit #44 was noteworthy because of its 
ingenious although complicated construction and the 
Japanese Naval Type detector 59.5 because of its 
clever aspirating device. The reference cited above 
contains a tabular summary giving the number of 
tubes and original color; the agents detected and the 
color produced; and also the interferences which af- 
fect the reliability of the test of each of the following 
kits: British Kit, Mark II, Pocket Vapor Detector, 
German Chemical Agent Detector Kit, Japanese 
Chemical Agent Detector Kit, Japanese Naval ‘Type 
Chemical Agent Detector Kit, Japanese Gas De- 
tector Kit B, Japanese Gas Detector Kit A, Italian 
Detector Kit for mustard and phosgene, and Chinese 
Agent Detector Kit. 

Miscellaneous Detector Devices. For purposes of 
record, attention is called to several devices proposed 
for the detection of mustard gas, the arsenicals, and 
fluorine-containing toxic agents.7:29.9 





Chapter 35 
IDENTIFICATION OF CHEMICAL WARFARE AGENTS 


By Carl Niemann 


INTRODUCTION 


HE RAPID AND ACCURATE identification of chemi- 
dui warfare agents used by enemy forces 1s neces- 
sary for the development of effective countermeas- 
ures. One has to guard against the eventuality of the 
use not only of a recognized agent but of new ones as 
well. By providing means of identification at a 
number of organizational levels, characterization can 
be expedited although it is clear that only limited 
information can be expected from forward groups. In 
practice it would appear that forward groups should 
not be asked to provide information beyond the 
possible presence or absence of recognized agents or 
the possible presence of a new agent. Their primary 
function should be the procurement of suitable sam- 
ples for rear area establishments. Thus proper pro- 
vision for chemical intelligence should include semi- 
permanent laboratory units capable of performing 
all tasks necessary for the complete identification of 
recognized and new chemical warfare material as 
well as portable kits of more limited applicability for 
use in forward areas. 


39.1 


LABORATORY IDENTIFICATION 
OF CHEMICAL WARFARE AGENTS 


39.2 


In order to insure the rapid, positive identification 
of both recognized and new chemical warfare agents 
and material, adequate laboratory facilities must be 
provided. These can be obtained only in a semi- 
permanent installation. Mobile laboratories, although 
fascinating in some respects, are too limited in ap- 
plicability to be charged with primary responsibility 
for positive identification of new chemical warfare 
agents or material. This section will be confined to 
the facilities and procedures required in semi- 
permanent installations. 


39.2.1 


A military laboratory differs from a civilian one in 
that the former must be capable of operation in 
regions devoid of the usual facilities associated with 
developed urban areas. In order to provide for the 
establishment of a self-sufficient laboratory it was 
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assumed ??* that (1) the laboratory in question would 
be a semipermanent installation, (2) it would be 
staffed by individuals skilled in the practice of 
chemistry, (3) the staff would consist of three to six 
chemists continuously employed, (4) the duties of 
the laboratory would be principally of an analytical 
nature, (5) the analytical tasks to be anticipated 
would be those arising from chemical warfare prob- 
lems, and (6) the laboratory must be capable of 
operation for a period of 6 months in regions remote 
from sources of supply. Starting with the above in- 
formation and assumptions, the needs of a Theater of 
Operation chemical laboratory were considered and 
detailed recommendations were made.?? In general 
the recommendations in regard to equipment, ap- 
paratus, and supplies were made on the basis of as- 
sumed adoption of milligram or centigram pro- 
cedures; these techniques allowed ease and rapidity 
of manipulation, afforded a concomitant economy of 
reagents and chemicals, permitted the use of ap- 
paratus that was much less bulky than that en- 
countered in decigram, gram, or multigram pro- 
cedures, and introduced a considerable factor of 
safety when working with noxious, toxic, or explosive 
substances. 

The above cited recommendations provided the 
basis for the procurement of the so-called Chemical 
Laboratory Companies and, on the basis of actual 
operation of these units in overseas areas, it appears 
that in general adequate laboratory facilities were 
provided.9 


39.2.2 


Given sufficient time and adequate facilities there 
is little doubt that competent chemists can identify 
practically any substance. However, in view of the 
need for rapid identification, it was considered ad- 
visable to provide laboratory personnel with various 
schemes in order that identification might be ex- 
pedited. 

Procurement of Sample. The first requirement of 
any scheme of analysis is procurement of the sample. 
Although in most instances samples of chemical war- 
fare agents may be obtained from unexploded and 
malfunctioned munitions, it was thought necessary 
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to consider the collection of samples from other con- 
taminated materials, such as soil, foliage, and ma- 
sonry. The results of this study ??^ and others *°:*4 
proved to be of value in considering the design of à 
field sampling kit.*?5 Soil, foliage, or air sampling 1s 
of limited applicability and a really satisfactory 
general solution of this problem has not been at- 
tained. 

Separation and Purification of Sample. The next 
step in the systematic scheme of identification was 
consideration of a system suitable for the separation 
and purification of chemical warfare agents. While 
conventional methods familiar to any competent 
organic chemist suggested themselves, the advantages 
of micro and semimicro procedures soon became 
evident. A system of procedures for the separation 
and purification, by distillation or sublimation, of 
50- to 300-mg quantities of chemical warfare agents 
was therefore developed.?? The distillations were per- 
formed with an efficient microfractionating still at 
2- to 760-mm pressure, à molecular still at 0.001- to 
]-mm pressure, or a sublimation apparatus at 0.001 
to 760 mm. The procedures were not generally ap- 
plieable to the separation of components boiling be- 
low room temperature although provision was made 
for their collection. Even though distillation is the 
most general and easily systematized method for 
purifying unknown samples, it should be emphasized 
that distillation or sublimation will not be suitable 
for substances that decompose on heating before they 
attain a vapor pressure of at least 107? mm (the lowest 
pressure obtainable without the use of a diffusion 
pump). In those cases where distillation 1s found to 
be impossible, other purifieation methods such as 
crystallization, or methods involving partition be- 
tween solvents have to be employed. Procedures were 
also included for the determination of certain physi- 
cal constants in order to determine appropriate puri- 
fication methods, and to check the separation ef- 
fected by these methods. 

Ultimate Analysis. The advantages of early knowl- 
edge of the elementary composition in the charac- 
terization of both organic and inorganic compounds 
led to the providing of procedures not only for the 
qualitative identification of certain acidic elements 
likely to be found in chemical warfare agents ?? but 
also a system for the ultimate analysis of chemical 
warfare material by which one could obtain not only 
qualitative but also quantitative information regard- 
ing the elementary composition.*??5 'This latter 
system of ultimate analysis was used extensively by 
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laboratory company personnel for the analysis of a 
great variety of substances including canister carbons 
and ordnance materials.” 

For the qualitative identification of certain acidic 
elements ” the zine dust-calcium oxide fusion method 
was adapted to the detection of nitrogen, the halo- 
gens, arsenic, sulfur, and phosphorus, using single 
l-mg samples; and for carbon and fluorine using 
separate l-mg samples. The methods were applicable 
to compounds having a boiling point higher than ap- 
proximately 60 C, and any one of the above elements 
could be detected in the presence of any of the other 
elements when present to the extent of 1—5 per cent 
of the sample weight. 

The system for the ultimate analysis of chemical 
warfare agents *?!2?5 consists of three parts. Part I * 
provides procedures for decomposing the sample by a 
fusion with sodium peroxide in a suitable bomb. The 
sample can be a solid or it can be a liquid with a 
boiling point higher than 40 C. The sample can also 
be a liquid or gas with a boiling point below 40 C 
provided that it is sealed in an appropriate glass 
capsule. 

Part II^ of the systematic scheme provides pro- 
cedures for the systematic detection and semi- 
quantitative determination, by volumetric or colori- 
metric methods, of arsenic, boron, bromide, chlorine, 
chromium, fluorine, iodine, phosphorus, selenium, 
silicon, sulfur, and tellurium. Procedures are also 
described for the quantitative determination of 
nitrogen, carbon, and hydrogen. The procedures em- 
ploy techniques commonly used in semimicroanalysis. 
Sample weight requirements are, 10-20 mg for detec- 
tion and estimation of those elements provided for 
by the systematic analysis, and 15-30 mg for the 
determination of carbon or carbon and hydrogen. 
The sensitivity of the detection of those elements 
provided for in the systematic analysis is 1 per cent 
of the sample, that is, any of the elements mentioned 
above which constitute as much as 1 per cent of the 
original sample should be detected. The accuracy of 
the estimation of those elements provided for in the 
systematic analysis is +0.3 mg in a 10- to 20-mg 
sample; that is, the amount of element present can be 
estimated to within a deviation of +0.3 mg. How- 
ever, deviations as much as +0.8 mg may occur with 
certain elements present in large quantities. The ac- 
curacy of the determination of nitrogen is +0.1 mg, 
that of carbon by the dry combustion method is 
+0.05 mg, and by the wet combustion, +0.05 mg. 

Part III of the systematic scheme * provides for 
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the systematic detection and semiquantitative esti- 
mation of those basic elements which may be en- 
countered in the analysis of chemical warfare agents. 
Those elements are included which are likely to be 
encountered as constituents of toxic agents and their 
containers, incendiaries, pyrotechnic agents, and pro- 
tective equipment. These elements are (in the order 
of their detection and estimation) iron, titanium, 
manganese, nickel, cadmium, magnesium, barium, 
strontium-calcium-selenium, tellurium, copper, lead, 
zinc, arsenic, antimony, tin, and chromium. Methods 
for aluminum, silver, and potassium were also in- 
cluded. These methods are applicable to most organic 
and inorganic compounds which are not resistant to 
fusion with sodium peroxide. A 10- to 20-mg sample 
is needed for the analysis. A basic element can be de- 
tected if it comprises at least 1 per cent of the sample. 
The analysis is made on the residue and the solution 
resulting from a sodium peroxide fusion identical 
with that employed in the analysis of acidic elements 
and, when desired, a larger sample can be used for a 
single fusion for both systems. 

Directions for preparing the reagents used in the 
above system, a list of apparatus required, the 
amount of reagents needed, a description of the re- 
quired techniques, and specifications for the construc- 
tion of special apparatus have been provided.?!:27.?8 
In addition, an outline was prepared ? for a course of 
instruction consisting of lectures and laboratory 
work, which has as its purpose the training of per- 
sonnel of the analytical section of the Chemical 
Warfare Service [CWS] M-2 Chemical Laboratory 
Company. The course required 6 weeks, 8 hours per 
day, 6 days per week. 

Functional Group Analysis. A system for the identi- 
fication of functional groups present in chemical war- 
fare agents has been devised,” which had for its pur- 
pose the identification of either the simple or com- 
plex functional groups which may be present in 
organic chemical warfare agents containing any of 
the following elements: oxygen, chlorine, bromine, 
iodine, fluorine, nitrogen, sulfur, arsenic, and phos- 
phorus. Consideration has been limited (1) to func- 
tional groups present in a large number of com- 
pounds which were tested and found to have toxic 
or vesicant properties either by investigators working 
at Porton or the University of Chicago Toxicity 
Laboratory, (2) to functional groups present in com- 
pounds which are known to be effective irritants,» 
and (3) to functional groups which occur in the 
hydrolysis or oxidation products of some of these 


compounds or which occur in the common impurities 
of some chemical warfare agents. The system was not 
intended to provide for the identification of a particu- 
lar compound but was part of a general scheme de- 
vised for that purpose. The application of the system 
requires (1) that the test substance be known to con- 
tain carbon, (2) that qualitative information as to the 
presence of elements other than carbon, hydrogen, 
and oxygen be available, and (3) that it be a pure 
compound. The system is committed to operations 
on a milligram scale with the result that only 
15-30 mg of purified test substance are sufficient 
for a complete series of tests. 

In general the system consists of systematic tests 
and includes (1) general tests, used on all unknowns, 
to determine whether the substance is acidic, 
neutral, or basic and whether it is an oxidizing or re- 
ducing agent, and (2) restricted tests, applied only 
in certain cases depending upon the elementary com- 
position of the unknown. Tabular summaries are 
provided for the rapid correlation of observed test 
behavior with the behavior of individual functional 
groups. Detailed directions for the manipulation of 
milligram quantities of test materials, a list of ap- 
paratus and equipment needed for the system, and 
a list of reagents required and their preparation are 
given in a series of appendices.?*?5 

Derivatization. Application of the above schemes 
to the identification of an unknown chemical warfare 
agent usually results in limiting the unknown to a 
particular group of possible compounds. Positive 
identification can then be accomplished by deriva- 
tization and direct comparison or, if the compound 
has not been previously described, by transforma- 
tion into known compounds. In order to facilitate 
identification in those cases where the compound had 
previously been prepared, procedures were developed 
for the derivatization of the more common chemical 
warfare agents and the melting points of the deriva- 
tives determined.*?—*6:38 | 

Tabular Summaries. In order to provide adequate 
data with respect to the physical constants of the 
more common toxic chemical warfare agents, the 
literature was examined for 100 compounds, 41 of 
which were specially selected because they were 
considered as probable aggressive agents. The re- 
view ?** was intended to supplement Chemical War- 
fare Service Field Laboratory Memoranda previously 
issued.*!:32,35.36 The physical constants considered 
were (1) molecular weight, (2) elementary composi- 
tion, (3) boiling point, (4) vapor pressure, (5) melting 
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point, (6) density, and (7) refractive index. These 
properties were organized in the form of indices, the 
compounds in general being arranged according to 
increasing values of the property. 

Microscopic Methods. In order to augment, and in 
some instances to extend, the potentialities of the 
above methods of identification, investigations were 
undertaken to provide microscopic methods for the 
identification of (1) derivatives of chemical warfare 
agents,/9—1113,5—179 (2) solid chemical warfare 
agents,5..? and (3) certain elements present in 
chemical warfare agents." 18 This program was subse- 
quently expanded to include the microscopic charac- 
terization of selected explosives? The derivatives 
covered in this study comprised the more important 
ones for the common agents. In the course of the 
work some 136 compounds presenting 199 different 
crystalline phases have been described optically and 
geometrically, all but a few of them for the first time. 
A compromise was made between ideal completeness 
of descriptive data and what information was most 
readily obtainable on samples as they might be 
studied in the Chemical Laboratory Companies. Em- 
phasis was placed on properties that are distinctive 
and easy to observe, and on methods that will insure 
their ready and consistent availability. The descrip- 
tions are in accordance with standard practice, and 
should be usable by anyone having a foundation in 
microscopic crystallography. 

In most instances a few of the more obvious char- 
acteristics will suffice for recognition of an agent or 
derivative, so that the observer should be able to 
identify unknowns without resorting to all the de- 
tails of the descriptions reported. The inexperienced 
microscopist will be greatly aided in this by com- 
parisons with the sets of samples that are part of the 
equipment of the Chemical Laboratory Companies. 
Several special techniques not previously emphasized 
were developed and found particularly useful in this 
work. 

It was possible in a number of instances to develop 
rapid methods for the identification of agents by 
making use of crystalline derivatives that are readily 
prepared on a micro scale and also by applying the 
well known reactions of microscopic qualitative 
analysis for the identification of certain elements. 
The work carried out along this line included micro- 
scopic studies of all solid agents thought to be of 
interest, and, since many of these exhibit characteris- 
tic crystalline properties, direct identification without 
derivation is possible. Descriptions and methods for 


IN MOBILE LABORATORIES 


591 


the microscopic identification of the common high ex- 
plosives and primer ingredients were prepared for the 
use of the Chemical Laboratory Companies. 

Microscopic procedures are particularly appropri- 
ate because the derivatives obtained are identified by 
melting point and crystallographic study to afford a 
number of additional characteristic criteria with 
which to confirm an identification. Derivatization re- 
actions can ordinarily be applied to previously frac- 
tionated and purified samples, but microscopic identi- 
fication usually does not require such a high degree of 
purification of the derivatives or separation from 
mixtures, diluents, thickeners, etc. Many of the de- 
rivatization reactions can be carried out under the 
microscope often with impure samples or mixtures 
of agents to yield directly derivatives of characteris- 
tic crystallographic properties. 

Summary. In view of the fact that the laboratory 
companies were provided with adequate library and 
laboratory facilities in addition to being supplied 
with the above and other identification procedures,*’ 
considerable confidence could be placed in their 
ability to identify rapidly both recognized and new 
chemical warfare material. Events proved that this 
confidence was justified. It should be pointed out 
that a number of other schemes for the identification 
of chemical warfare agents have been proposed ?9:35;5!. 
°4,56-61 Hut almost without exception they were con- 
sidered inadequate for the purposes of a semi- 
permanent laboratory unit although admittedly use- 
ful in other circumstances. 


35.3 IDENTIFICATION OF CHEMICAL 
WARFARE AGENTS IN MOBILE 
LABORATORIES 


Mobile laboratories intended for purposes of chemi- 
cal intelligence were developed and used by both 
Canadian ** and British ?9 units. There is no doubt 
that a mobile laboratory offers considerable challenge 
to the ability of designers; unfortunately, the limita- 
tions of space so restrict the scope of such laboratories 
that they cannot be considered as a replacement for a 
well-equipped semipermanent installation. It would 
appear that mobile laboratories are of utility only 
in those cases where the problems they may en- 
counter are clearly defined as, for example, identifica- 
tion of recognized agents, surveillance of issue ma- 
terial, routine testing, and meteorological studies. As 
mobility should not be confined to areas traversable 
by wheeled vehicles it does not seem wise to tie the 
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laboratory to any one type of transportation, be it 
vehicle, boat, or plane. There are too many situations 
where any one type of transportation may be inade- 
quate. Therefore, if a mobile laboratory is desired, it 
would appear that the best solution is to develop the 
laboratory around a series of portable kits, each de- 
signed for a specific task. Thus for any one type of 
mission certain kits could be selected, depending upon 
the task at hand. A mobile laboratory assembled upon 
the above principles would consist of a series of kits, 
each series designed for a specific task (for example, 
the identification of recognized chemical warfare 
agents), and each series of kits composed of com- 
ponent kits of varying portability and scope. Thus, 
depending upon the situation, a kit could be selected 
that would be of maximum utility consistent with 
the site and circumstances of its intended operation, 
bearing in mind that extent and reliability of opera- 
tion will decrease with the size of the kit. 

The so-called M-3 mobile laboratory ?*? of the 
Chemical Warfare Service was probably the closest 
approach to the above type of laboratory unit at- 
tained during the war but it was not possible to as- 
semble a particularly satisfactory unit, principally 
because of the lack of time. However, some of the 
kits contained in the M-3 laboratory are very useful 
and it is suggested that a satisfactory mobile unit 
could be assembled if advantage were taken of the 
kits developed, not only in this country but also 
abroad. In the following section a number of kits 
designed for the identification of recognized chemical 
warfare agents are described. Consideration is also 
given to methods of identification capable of being 
developed into self-contained kits even though the 
actual kit may not have been constructed or de- 
scribed. 


35.3.1 Kits Developed for Identification 
of Recognized Chemical Warfare Agents 


British War Gas Testing Case. The War Gas Test- 
ing Case 57? was designed to provide a compact and 
portable set of apparatus and reagents for the identi- 
fieation of the recognized chemical warfare agents. 
With its aid 1t 1s possible to determine, with a con- 
siderable degree of certainty, the identity of many 
of the common war gases, and in those cases where 
exact identification is not possible, much valuable 
information can be obtained. The instructions pro- 
vided are intended as a guide to the use of the case 
and its potentialities; they are not intended to de- 
scribe a rigorous routine of testing and do not fully 
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exhaust the possibilities; individual judgment and 
particular circumstances are relied upon to determine 
the exact procedure and deductions made. In general 
the equipment contained in the cases provides for 
identification by means of reactions in solutions, such 
as formation of a precipitate, color, etc., or by reac- 
tions with papers containing appropriate reagents. 
The kit contains many attractive features and is of 
surprising applicability considering its size. 

CWS Chemical Agent Analyzer, E-10. The collec- 
tion of chemical warfare agents on plain or impreg- 
nated silica gel and subsequent identification of the 
collected agents by means of color reactions with or 
without the addition of supplementary reagents was 
studied extensively in this country by both the 
Chemical Warfare Service and the National Defense 
Research Committee. One of the first schemes de- 
veloped was designed to provide for the identification 
of 32 selected compounds, which included all of the 
more important recognized chemical warfare agents 
except smokes, after collection of the sample on plain 
silica gel tubes.!^ This scheme was subsequently 
adapted for use in a kit designed by CWS and 
designated as Chemical Agent Analyzer, E-10.*! This 
kit contained sufficient equipment and reagents to 
provide for the identification of mustard gas, the 
nitrogen mustards, arsenicals, phosgene, cyanogen 
chloride, hydrogen cyanide, chloropicrin, phenacyl 
chloride, and bromobenzyl cyanide by means of 1m- 
pregnated silica gel tubes or papers, and for the 
identification of some 20 less common, recognized 
agents through the use of either plain or impregnated 
silica gel tubes and supplementary reagents. The 
scheme provided for the identification of about 32 
toxics, both persistent and nonpersistent, and the 
procedures were organized in the form of a series of 
definite directions to facilitate identification of the 
agent. The effects of mixtures on the scheme were 
studied, as were the effects of some screening smokes 
and of high humidity; all were found to present seri- 
ous interference under certain conditions. Each test 
was studied rather critically, and the sensitivity, 
length of time after exposure which will still allow 
detection, and possible interfering substances were 
determined. Because of the possible value of a quick, 
simplified scheme, a system was devised which needs 
only three exposed tubes. This simplified scheme in- 
cluded most of the important toxics and allowed 
their assignment to one of several classes, but it did 
not allow for complete identification. 

A number of new tests were included in the scheme, 
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among them the DB-3-1 and the selenious acid test 
for the nitrogen mustards. The former depends on the 
fact that thionyl chloride inhibits the DB-3-160* test 
with nearly everything except the nitrogen mustards. 
The DAS test for chloropicrin is also new and con- 
sists of decomposing the sample with sulfuric acid 
containing barium diphenylamine sulfonate. Nitrosyl 
chloride, which is formed from chloropicrin, oxidizes 
the reagent to a blue purple. Other new tests include 
the test for hydrogen cyanide and cyanogen chloride, 
a test for nitrites and KB-16 using sulfanilamide and 
N-(1-napthyl)-ethylenediamine, a hydroxamic acid 
test for methyl fluoroacetate, tests for phosphate and 
fluoride ion after decomposition of fluorophosphates 
on the gel by hot nitric acid, and tests for lachry- 
mators using 2,4-dinitrochlorobenzene or 4,6-di- 
chloro-1,3-dinitrobenzene. The E-10 kit and its 
system of identification of recognized chemical war- 
fare agents possesses considerable merit and is 
generally satisfactory for the tentative identification 
of agents present in the atmosphere. In view of the 
possibility of anomalous behavior of certain of the 
tests under certain situations, it is clear that informa- 
tion obtained through the use of the kit should be 
subject to confirmation by unambiguous methods. 
One disadvantage of the present kit is that its ap- 
plicability in general is limited to those cases where 
vapor samples can be obtained. Some consideration 
should be given to the tentative identification of the 
relatively nonvolatile hydrolysis products of certain 
of the more common, recognized chemical warfare 
agents. 

Smoke Identification Kit. A scheme and kit for the 
detection and identification of materials which might 
be encountered in smokes was developed *?° and 15 


units were supplied to the Chemical Warfare Service. 
The following agents were considered in the scheme: 
cadmium chloride, cadmium oxide, phenacyl chloride, 
diphenylchlorarsine, diphenylchlorarsine oxide, di- 
phenyleyanoarsine, phenarsazine chloride, phenarsa- 
zine oxide, phenyldichlorarsine oxide, sesquimustard, 
selenium dioxide, sulfur, ricin, phosphoric anhydride, 
zinc chloride, and zinc oxide. Three quick preliminary 
tests were used to determine the presence or absence 
of the toxic agents mentioned, with the exception of 
ricin. The detailed analysis is complete for many 
mixtures of these agents and the known cases of 
interference, using the separations indicated in the 
scheme of analysis are given in the descriptions of the 
tests. The preliminary tests require two samples. The 
complete analysis depends upon the separation of the 
agents by extraction and requires from five to ten 
tubes depending upon the size of the samples. The 
above kit appears to provide a satisfactory means for 
the identification of generally recognized toxic and 
nontoxic smokes. 

Miscellaneous Detector Kits. The Chemical Agent 
Detector Kit, M-9, the Navy Mark I Vapor Detector 
Kit, the Security Division Detector Kit, the De- 
tector Paper Kit, the Detector Kit For Blister Gases 
and the Water Testing Kit described in Chapter 34 
are suitable for the tentative identification of the 
more common chemical warfare agents. These kits, 
or their components, should find application in a 
mobile laboratory. Attention is also called to a 
system of identification,” adopted from German 
practice, which is based upon aspiration of air 
through or over a sample of contaminated earth or 
foliage and then through a series of bubblers con- 
taining suitable reagents. 


Chapter 36 


FIELD SAMPLING OF PERSISTENT CHEMICAL WARFARE AGENTS 
UNDER SUBTROPICAL AND TROPICAL CONDITIONS 


By Carl Niemann 


INTRODUCTION 


RIOR TO 1943 no attempt had been made to study 
Pa. behavior of persistent chemical warfare 
agents in tropical or subtropical areas. In contrast, 
considerable experience had been obtained in con- 
ducting field trials with persistent chemical warfare 
agents in continental areas in the temperate zone, no- 
tably at the Suffield Experimental Stationin Alberta.*® 
Unfortunately the topography at Suffield was that of 
a typical semiarid prairie and, consequently, sam- 
pling techniques used at that station, although pos- 
sibly satisfactory for the purposes of the station, 
were so specialized as to lose all applicability to other 
topographical situations. The practice at the Prov- 
ing Ground at Dugway, Utah, was equally special- 
ized. Although the Porton establishment in England 
was a pioneer in the development of field sampling 
methods,??? investigations at this station were on 
such a small scale that specialized sampling tech- 
niques again appeared suitable. At all three of the above 
stations the sites were notably exposed and there was 
ready access at all times to all points in the sampling 
areas. This highly specialized topography permitted 
the use of sampling methods and devices that were 
practically useless elsewhere. The factors that pre- 
vented the application of the sampling techniques de- 
veloped at the foregoing stations to tropical and sub- 
tropical situations were topography, temperature, 
and humidity. 

In the years 1943 to 1945, experimental stations 
were established in Florida, Queensland, Panama, 
India, and New Guinea. Although all of these sta- 
tions conducted extensive field trials with mustard 
gas, the Bushnell, Florida, establishment was out- 
standing in the development of chemical sampling 
techniques of general applicability. The methods de- 
veloped and used at this station, which relate pri- 
marily to the chemical sampling of mustard gas 
vapor, have been described," and much of the in- 
formation contained in this discussion has been 
drawn from experience at Bushnell supplemented by 
observations at some of the other stations. 


36.1 
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DETERMINATION OF TOTAL 
VAPOR DOSAGES 


36.2 


The determination of the total vapor dosage pres- 
ent over a selected time interval at a given point in 
the sampling area is of paramount importance in the 
field assessment of a chemical warfare agent or muni- 
tion. The salient features of this determination are 
discussed below. 


Location and Distribution of 
Sampling Points 


36.2.1 


Area versus Line Sampling. The distribution of 
sampling points along successive parallel lines which 
are normal to the mean wind direction was advocated 
and practiced by British Empire establishments, as 
was a variation of this procedure wherein sampling 
points were placed along successive parallel ares 
whose lengths were determined by the maximum 
anticipated variation in wind direction.?^39—9,53 'The 
distances between the parallel lines or ares were 
usually rather large, in most cases being greater than 
100 yards. It appears that this practice was adopted 
because of the desire to obtain data that could be 
applied to a theory of gas diffusion that related 
density of contamination and meteorological condi- 
tions to axial downwind dosages.?* Later when work 
was undertaken under conditions of low wind velocity 
with concomitant 360-degree variability of wind 
direction, the ares were closed to form concentric 
circles or the lines to form concentric squares, but 
the distance between any two circles or squares was 
still kept quite large. It is not sound practice to be 
tied to any one theory when collecting primary data 
and it was recognized at Bushnell that line sampling 
in all its variants was inadequate. In contrast to line 
sampling, area sampling implies sampling at points 
dispersed with sufficient density over an entire area, 
so that the procurement of representative samples is 
insured. The increased expenditure of sampling 
equipment is more than compensated by the value of 
the data obtained by this technique.!° It is be- 
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lieved that area sampling represents the best general 
practice. 

Distribution of Sampling Points over an Area. The 
distribution of sampling points over an area so as to 
secure representative sampling is profoundly in- 
fluenced by practical elements. Supply, time, and 
manpower usually determine the number of available 
sampling appliances and in any practical situation 
it is necessary to decide to what extent the density 
of sampling points can be reduced and still obtain 
representative and reliable sampling over as large 
an area as possible. With a single point source, 
probably the most satisfactory arrangement of 
sampling points is on a spider-web, radial-type grid.” 
Since the decrease of dosage 1s great with an increase 
of distance from the source, particularly under lapse 
conditions, the sampling points should be concen- 
trated around the source and may then decrease in 
density with increasing distance from the source.’ It 
is clear that a spider-web, radial-type grid can be 
used only for point sources statically generated. For 
this reason a simple regular rectangular grid with a 
grid interval of about 20 yards and the sampling 
points disposed on the grid line intersections 1s 
probably the most generally useful sampling arrange- 
ment,!*:8 provided topographical features are reason- 
ably uniform over the entire sampling area. Where 
time and manpower are not available for the em- 
placement of large numbers of sampling units or 
where the supply of sampling units is limited, a 
modified rectangular grid may be employed without 
too great a sacrifice in accuracy.’ In this latter ar- 
rangement sampling points are first disposed over the 
entire sampling area on the intersections of a 40-yard 
interval grid and then an additional set of sampling 
points are placed in the anticipated impact area on 
the intersections of a second 40-yard interval grid 
which is displaced 20 yards in both directions with 
reference to the first grid.? With this latter arrange- 
ment it is desirable to provide for a reserve of mobile 
sampling units which can be placed within 10 yards 
of the source once it has been located.!* These mobile 
sampling units are disposed on a line drawn from the 
source through at least one line of fixed sampling 
points. 

Vertical Distribution of Sampling Points. There 1s 
little doubt that in practically all of the field trials 
conducted during the past 4 years insufficient data 
were obtained in regard to the distribution of dosage 
relative to the vertical component,!’i.e., height above 
ground level. It is true that this measurement adds 


enormously to sampling difficulties and it isnot known 
to what extent such measurements should be made. 
It is clear however that limitation of sampling to the 
arbitrary 12- and 66-inch levels !? may not be funda- 
mentally sound and it must remain for future work 
to determine to what extent, at what intervals, and 
under what conditions of topography and meteor- 
ology, sampling at a number of different heights 
would yield data of such value !? as to justify the 
obvious increase in sampling difficulty. 

Distribution of Sampling Points with Reference to 
Topography. On level, uniform terrain a 20-yard 
interval, rectangular sampling grid or a superimposed 
double 40-yard interval, rectangular sampling grid is 
generally satisfactory.? However, if the terrain is 
variable it is particularly important to provide for a 
greater density of sampling points at sites of irregu- 
larity or of special interest. Thus, boundaries between 
forests and fields, openings in forest canopies, changes 
in density and height of forest canopies, areas of 
dense undergrowth, shore lines, significant changes in 
elevation, narrow defiles, steep irregular slopes, caves, 
occasional man-made structures, etc., all require 
special consideration in regard to the location of addi- 
tional sampling points. This discussion has been con- 
fined to irregularities in topography such as occur in 
uninhabited or sparsely inhabited areas. What pre- 
cautions are required for accurate sampling in 
metropolitan areas remains a matter for conjecture; 
very little reliable information is available.** 


36.2.2 Duration of Sampling Periods 


Continuous versus Intermittent Short-Time Sam- 
pling. This discussion is confined to practices pur- 
porting to give reliable information regarding the 
mean vapor concentration over a time interval of ap- 
proximately 4-6 hours. A major difference in the 
sampling practice of British Empire and American 
establishments was the preference of the former for 
intermittent sampling and of the latter for continuous 
sampling. There can be no doubt that continuous 
sampling over the entire time interval, in this instance 
4—6 hours, will give reliable information regarding 
the mean concentration attained during the selected 
time interval, provided, of course, that the perform- 
ance of the sampling device is satisfactory throughout 
the entire sampling period. As this latter condition 
can be satisfied within reasonable practical limits,*"° 
the practice of continuous sampling over time inter- 
vals of 4-6 hours is sound and practical. 

In intermittent sampling the practice involves 
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taking samples for periods of 10-30 minutes beginning 
the sampling periods at, for instance, zero time, 
0 + 30 minutes, 0 + 1 hour, 0 + 2 hours, ete.!? This 
practice is based upon the assumption that the 
change of concentration with time is continuous and 
regular and that the total dosage can be obtained by 
integration of the concentration versus time curve. 
While this practice may be satisfactory when used on 
open level terrain with low ground cover, with a 
wind velocity greater than 5 mph, and the variability 
of wind direction small, it is certain that under forest 
conditions where the wind velocity is low, the wind 
direction exceedingly variable, and the distribution 
of obstructions irregular; the practice leads to serious 
error.’ [f the terrain were rugged and variable the 
situation would be far worse. Aside from the above 
objections to intermittent sampling as a general 
practice there are practical elements to consider. If 
the sampling devices are not capable of completely 
automatic operation an extremely large number of 
people is required to perform the necessary opera- 
tions. Even under ideal conditions there is an ap- 
preciable error introduced in timing the sampling 
periods at different sampling points, and, where 
personnel are required to wear protective clothing, 
operation becomes more unsatisfactory because of 
augmented fatigue. 

Prolonged Sampling. In some cases significant 
amounts of vapor may be evolved from a contami- 
nated area for a period of several days. The problem 
of determining the total vapor dosage under these 
conditions deserves special consideration. At first 
sight it would appear that taking successive 4- to 
6-hour samples over the entire sampling area for the 
entire period would be necessary. While this practice 
would certainly give reliable data it is also extremely 
wasteful of manpower and would require an enormous 
reserve of sampling accessories. It is not possible to 
prescribe a procedure that will fit all cases; all that 
can be done here is to point out the more important 
considerations. After information has been obtained 
during the first sampling periods with respect to the 
behavior of concentration with time at certain 
selected points in the sampling area, it has been found 
possible to predict with reasonable accuracy the ex- 
tent to which sampling must be carried out during 
succeeding sampling periods. In such predictions it 
is extremely important to take into account any an- 
ticipated variation in meteorological conditions. For 
example, if the end of the first sampling period falls 
in the early morning hours it is quite possible that 


vapor concentrations will be very low at the end of 
this 4- or 6-hour period and may remain so until 
shortly after sunrise. However at this time the vapor 
concentration may rise rather abruptly and if this 
possibility has been overlooked in deciding which 
sampling positions should be operated during this 
second sampling interval, it is clear that considerable 
error 1n overall total dosage values will result. As a 
similar effect may be produced by a light rain, it is 
clear that prior to the beginning of a sampling period 
there must be at hand reliable information not 
only with respect to predicted concentrations at the 
beginning of the sampling period but also a forecast 
for the next 4-8 hours of the meteorological factors 
influencing the propagation of gas clouds. This in- 
formation includes presence or absence of clouds, fog 
and rain, ground and air temperatures, and time of 
sunrise and sunset. In practice it is usually found, 
barring complicating meteorological factors, that the 
extent of sampling can be profoundly decreased after 
the first or second sampling periods and confined for 
the most part to impact areas. 

An important effect arising from the prolonged 
sampling of an impure agent such as Levinstein 
mustard gas was observed at the Bushnell installa- 
tion.? In the sampling of areas contaminated with 
Levinstein mustard it was observed that some of the 
less specific analytical methods such as the bromine 
titration, chloramine-T colorimetric method, etc., 
although satisfactory in the determination of mus- 
tard gas in samples taken during the initial period, 
gave results greatly in error when applied to samples 
taken during the later sampling periods. The ex- 
planation of this phenomenon lies in the fact that 
during the initial sampling period the ratio of mole 
fraction of mustard gas to mole fraction of interfer- 
ing, less volatile impurities was large enough to mask 
the effect of the interfering substances. During the 
later sampling periods, because of the greater rate of 
loss of the more volatile component, the ratio became 
small enough to produce a serious and profound 
error. This effect should serve to emphasize the need 
for evaluation of the specificity of analytical methods 
and instruments with respect to all possible com- 
ponents at various relative concentrations. 


36.2.3 Nature of Sampling Device 


There is little doubt that the most satisfactory way 
to obtain reliable information regarding the mean 
vapor concentration prevailing over a selected time 
interval at any one sampling point is to provide for 
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the aspiration of a known volume of air through a 
bubbler charged with a suitable absorbent and subse- 
quent determination of the amount of substance con- 
tained in the absorbing liquid. As this procedure 
gives the integrated concentration over the selected 
time interval, it is clear that this method is more 
sensitive and more accurate than procedures which 
depend upon the use of an instrument which records 
concentrations present at any one time as a function 
of time, followed by graphical integration of the 
record. With the bubbler technique it is possible to 
obtain reliable information for dosages in excess of 
10-20 mg min/m*?. If an instrument were to compete 
in sensitivity with the bubbler method, it would have 
to have a sensitivity significantly greater than 0.1 ug 
of substance. Probably the greatest advantage of the 
bubbler technique is its extreme simplicity and reli- 
ability. Because of this there is little doubt that so- 
called total dosage bubbler sampling will continue 
always to be of paramount importance in field work. 
In the following sections, the technique of collecting 
so-called total dosage samples and the precautions 
that must be observed in this type of sampling will 
be discussed. 

Low versus High Flow Rate Sampling. Prior to the 
development of methods suitable for the determina- 
tion of microgram quantities of chemical warfare 
agents, the use of macroanalytical methods required 
the collection of rather large amounts of the sub- 
stance to be determined. Consequently the tendency 
during this period was to aspirate large quantities of 
air at high flow rates through the bubbler unit.» 717? 
The necessity for high flow rate sampling was ac- 
centuated by the use of short sampling periods ? 
where, only by this means, could sufficient sample be 
collected for satisfactory analysis. It is clear from the 
previous discussion that in general continuous sam- 
pling must be employed if reliable results are to be 
obtained. Consequently this discussion is limited to 
continuous sampling over periods of 4-6 hours. Ex- 
tensive studies at Bushnell ?:;4 and elsewhere *:!?.5? 
have shown that continuous sampling at high flow 
rates cannot be used under tropical and subtropical 
conditions even for times as short as 30 minutes. With 
the availability of methods suitable for the deter- 
mination of microgram quantities of substance (see 
Chapter 37) it became clear that 1t was not necessary 
to collect large amounts of material in order that 
accurate analyses could be made. Since the efficiency 
of the bubbler as a collecting device decreases rapidly 
with increasing sampling rate, it is apparent that the 


best sampling method is one in which the flow rate is 
reduced to as low a value as possible without reducing 
the reliability of the subsequent analysis of the bub- 
bler liquid. Under subtropical and tropical conditions 
it has been found that a flow rate of 0.5 lpm is satis- 
factory for the sampling of mustard vapor. For less 
volatile compounds, or where work is being done at 
lower temperatures, it may be necessary to sample 
at slightly higher flow rates; it does not seem likely 
that rates in excess of 2 lpm will ever have to be 
used. | 

Developed versus Temporary Sampling Installations. 
At certain proving grounds, notably at Dugway, 
Utah, and to some extent at San José, Panama, 
sampling areas were developed to the extent of pro- 
viding power lines and vehicles access roads to many 
points within the sampling area. In a desert location 
such as that at Dugway, developed target areas are 
useful provided that a sufficient number of them are 
available so that a reasonable rotation scheme can be 
adopted for their use with persistent agents. How- 
ever, desert areas are of limited interest and the ad- 
vantages and disadvantages of developed sampling 
installations in areas of more varied topography 
should be considered. Development of target areas, 
particularly in rugged terrain, requires a large ex- 
penditure of funds and manpower and in many cases 
so alters the topography that environmental effects 
are obscured. Furthermore, in forested area defolia- 
tion by mustard vapor becomes a serious factor. In 
general it appears to be questionable whether the 
effort expended in developing an area is worth the 
limited use that can be obtained from such an area. 
The other alternative is to restrict development to 
the construction of primitive access trails and to 
sample with portable self-contained equipment. With 
the latter practice alteration of the natural features 
of the area is minimized, a minimum of effort need be 
expended, and when the area is no longer usable be- 
cause of defoliation and death of vegetation, a move 
can readily be made to a new location. 


36.2.4 Pump Units 


To be useful for field sampling a pumping unit 
must provide for the aspiration of air through a 
bubbler at a rate which can be easily controlled and 
maintained constant to within less than 5 per cent. 
In addition to the maintenance of a constant flow 
rate the pump unit should be portable, rugged, and 
capable of sustained operation. A number of dif- 
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ferent pump units of varying utility are described 
below. 

Compressed Air Injectors. An air injector type 
pump was used by all British Empire Stations. This 
pump which was designed to operate at flow rates 
of the order of 10 lpm consisted of a compressed air 
tank, reducing valve, gauges, flow meter, and in- 
jector. This type of air pump has few merits and 
many disadvantages. It requires a heavy multistage 
compressor unit for recharging, its reliability in 
operation is low, it is bulky and not particularly 
portable, it requires considerable servicing, and it is 
too demanding of attention in the field. Modification 
of the present design ? to permit sampling at lower 
flow rates *! hardly seems worth while in view of the 
availability of more reliable pumping units. It should 
be emphasized that, for efficient and economical 
operation, manipulations in the field must be kept at 
a minimum and any device which requires adjust- 
ment in the field does not deserve serious con- 
sideration particularly if it is to be used in large 
numbers. 

Liquefied Gas Injectors. The use of a readily lique- 
fied gas such as carbon dioxide, propane, or butane 
instead of compressed air in the operation of an in- 
jector type air pump was investigated and a propane- 
operated stainless steel injector pump was de- 
veloped.5?! Although this pump in principle was 
superior to the earlier developed compressed air in- 
jeetor pump it still could not be considered the equal 
of other pumping devices in regard to reliability and 
ease of operation. 

Orifice-Controlled Electrically Operated Pump. It is 
well-known that flow rates can be controlled within 
5 per cent by means of a critical orifice, provided a 
pressure differential in excess of 0.65 atm is main- 
tained across the orifice. A very satisfactory pump 
was developed using an electrically driven toy recip- 
rocating steam engine.'? The pump finally developed 
had a capacity of from 2—4 lpm at a vacuum greater 
than 14 inches of mercury and would therefore oper- 
ate four to eight bubblers at a flow rate regulated at 
0.5 lpm by critical orifices.'* The main advantages of 
this type of pump are its ruggedness and depend- 
ability and the relatively small amount of servicing 
required for continuous operation over long periods 
of time. As the orifices remain attached to the 
bubbler units, operations in the field are confined to 
turning the pump off and on and determining at the 
beginning and end of a sampling period whether the 
pump is capable of producing a vacuum in excess of 


0.65 atm. The only disadvantage of importance is 
that the rather high power consumption requires an 
extensive storage battery charging set-up. Any 
sampling method, making use of a critical orifice, 
however, involves considerable power consumption. 
The high power consumption and the need for main- 
taining a reserve supply of storage batteries and ex- 
tensive recharging facilities does not appear to be 
too great a price to pay for outstanding reliability, 
and it must be remembered that one pump can be 
used to operate four to eight bubblers. If future needs 
warrant the expenditure of the effort, the design of 
the pump used for critical orifice operation could 
probably be improved particularly as far as its weight 
and volume is concerned. 

Constant-Displacement Electrically Operated Pump. 
A piston-type pump driven by a governor-controlled 
constant-speed motor was developed 5 in an attempt 
to provide an air pump of reliable performance and 
having a minimal power requirement. The actual 
pump mechanism consists of three cylinders radially 
placed about the crankshaft, their axes lying in a 
plane. The three pistons are attached to a single 
connecting rod bearing on the crankshaft by spring 
blades which act as connecting rods. The cylinder 
bores are made in disk-shaped graphite pieces which 
are free to turn in cast iron holders. As the crank- 
shaft turns and the connecting spring blade is bent, 
the graphite cylinder block revolves slightly in its 
holder in response to the forces imposed by the spring. 
The motion of the cylinder block in the holder shifts 
the port in the cylinder block back and forth between 
the intake and exhaust ports in the holder. The three 
cylinders operate 120 degrees out of phase with one 
another. This arrangement is not only convenient in 
design but is also desirable for the production of more 
uniform flow when all the cylinders are pumping on 
the same line. This unit was developed too late to 
permit extensive field tests and it remains to be seen 
whether this unit is as capable of reliable performance 
as is the orifice-controlled type of air pump. Until 
considerable confidence can be placed in the ability 
of the governor-controlled motor to maintain a con- 
stant speed, it might be necessary to provide a device 
for recording shaft revolutions. 

Magnetically Operated Pump. A number of mag- 
netically operated pumps were investigated in at- 
tempts to develop pumps of low power requirements. 
Rubber diaphragm pumps, although used extensively 
at San José, either are not sufficiently reliable or are 
of limited capacity. Probably the most satisfactory 
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magnetically operated pump developed was one in 
which a piston pump constructed from the cylinder 
of a toy steam engine was driven by a magnet ob- 
tained from an electric gong.* The pump and battery 
unit weighed approximately 20 pounds and was 
capable of continuous operation for 12 hours when 
delivering air at 1 lpm against a head of 6 cm of 
mercury. Unfortunately the reliability of operation 
of this unit was not nearly so great as that obtained 
with the orifice-controlled pump. The air flow with 
the former was constant to within +10 per cent. 


36.2.5 Bubblers 


Bubbler Design. Careful study of the factors re- 
sponsible for bubbler efficiency 4° has shown that for 
flow rates of approximately 0.5 lpm or less, very 
simple bubblers are. satisfactory. With increasing 
flow rates more attention has to be paid to bubbler 
design in order that equilibrium conditions may be 
established between the gas and liquid phases. For 
flow rates of 0.5 lpm or less, the simplest type of 
bubbler 4% is capable of satisfactory performance, 
and more complicated designs serve only to augment 
the difficulties associated with charging, discharging, 
and cleaning the bubblers. For operation with flow 
rates in excess of 0.5 lpm a number of bubbler designs 
of varying merit have been suggested.!4:112,) 19.19.22, 
34,36,50,52,55 A considerable advantage of low flow rate 
sampling is that it permits the use of an extremely 
simple bubbler which is easy to manufacture, service, 
and handle in large quantities. 

Bubbler Liquids. Bubbler liquids may be of two 
basic types, that is, those which do not react with 
the substance being absorbed and those that do. 
Diethyl phthalate is an excellent nonreactive solvent 
for mustard gas ^ and has been used extensively in 
field work." Diethyl phthalate closely approximates 
the ideal nonreactive solvent in that its vapor pres- 
sure is very low, minimizing losses by evaporation 
during prolonged sampling periods. It 1s a very poor 
solvent for water and thereby can be used under 
conditions where the water concentration in the at- 
mosphere is high. If a nonreactive solvent is used, and 
the vapor pressure of the solvent and solute, the 
ambient temperature, the volume of solvent, and the 
volume of air passed through the bubbler are known, 
an accurate prediction can be made of the efficiency 
of the bubbler unit.4 Thus, instead of relying upon 
empirical correction factors which may relate to 
‘rather specific situations, one can with confidence 
predict the performance of the bubbler unit under a 


variety of conditions. For general application it is 
important that a solvent be selected that not only 
will permit the efficient collection of the sample but 
also will not introduce any complications in subse- 
quent analytical procedures that may be used for de- 
termining the amount of substance present in the 
solvent.‘ 

A reactive solvent has obvious advantages pro- 
vided the rate of reaction between solvent and solute 
is rapid and the solubility of solute in the solvent is 
high. Unfortunately a reactive solvent- satisfying the 
above conditions has not been found for mustard gas. 
Aqueous acetic acid mixtures, notably 50 per cent 
acetic acid, has been used extensively for the collec- 
tion of mustard. gas. 51H81b719,14,19,2229 Shifty DeLacenu 
acetic acid suffers from the disadvantage that its 
composition is altered by aspirating air through the 
bubbler and, although 50 per cent acetic acid is a fair 
solvent for mustard gas, the solubility decreases 
rather rapidly with decreasing concentration of 
acetic acid. Furthermore it is very difficult to predict 
with a reasonable degree of accuracy the efficiency of 
a bubbler charged with 50 per cent acetic acid because 
of the change in composition of the solvent with time 
and the rather slow rate of reaction of mustard with 
aqueous acetic acid.4 However the efficiency of a 
bubbler-solvent combination can be determined ac- 
curately by experiment for a particular set of condi- 
tions. It is important that in practice 50 per cent 
acetic acid can be used as a solvent to collect mustard 
gas provided a sampling flow rate of 0.5 lpm or less is 
used for sampling periods not exceeding 4 hours.*” 
With higher flow rates serious difficulties are en- 
countered,?:1!2,b.18,14,19,52,54 and in general no adequate 
solution of the difficulties has been presented. In this 
connection it has been found +£! that should sampling 
of mustard vapor have to be done for periods exceed- 
ing 4 hours or at a flow rate exceeding 0.5 lpm, 
diethyl phthalate will probably always prove to be a 
more efficient absorbent than 50 per cent acetic 
acid. 

Solid Adsorbents. The replacement of the liquid 
bubbler unit by a solid adsorbent presents attractive 
possibilities. The idea is not a new one since 1t was 
used in the period following World War I. It has 
been found that adsorbents such as silica gel cannot 
be used generally *9» because of the adverse effects 
of water vapor on the efficiency of adsorption. It is 
true that charcoal is an excellent adsorbent for 
mustard gas 4° but elution of the hydrolysis products 
is difficult and incomplete.*» Until an adsorbent can 
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be found that will permit the quantitative adsorption 
of mustard gas and subsequent quantitative elution 
of the hydrolysis products, it does not seem wise to 
consider replacement of liquid bubbler systems by 
solid adsorbents. 


36.2.6 Miscellaneous 


In the preceding paragraphs attention has been 
called to the more important features of so-called 
total dosage sampling. Space does not permit giving 
an aecount of the detailed operations; this seems 
hardly to be necessary in view of the fact that an 
excellent account has already been published.? How- 
ever it does seem worth while to call attention to 
several special practices of interest to the general 
problem of determining vapor dosages. 

Sampling of Multicomponent Systems. During the 
course of field work it was desired to sample and de- 
termine mustard gas in the presence of chlorine aris- 
ing from bleaching powder placed on contaminated 
areas. Since information was not required in regard 
to concentrations of chlorine, the simplest solution 
was to provide the bubbler with a suitable filter that 
would allow the quantitative passage of mustard gas 
and provide for the quantitative removal of chlorine. 
Two such filters — one containing pumice granules 
impregnated with sodium thiosulfate 2! and the other 
pumice granules impregnated with a mixture of lead 
acetate and carbonate * — have been described. The 
sampling of multicomponent systems where informa- 
tion must be obtained in regard to all components 1s 
usually quite difficult and is possible only in those 
cases where suitable analytical methods are avail- 
_able for determining the individual components or 
their reaction products in the presence of each 
other.?? 

Sampling of Clouds Containing Airborne Droplets. 
With certain munitions it is necessary to consider 
the sampling of mustard gas present both as a vapor 
and a fog. In view of the fact that the droplets 
present in à fog may pass through a bubbler ??:?? and 
escape absorption, it may be necessary to place a 
filter on the bubbler intake that will permit the 
deposition of the droplets on the surface of the filter 
and then allow subsequent evaporation of the drop- 
lets into the bubbler. Several satisfactory filter de- 
vices have been described.?*9.37 Impingers, although 
useful in certain instances,”*.2738.46 have not found 
extensive use in the sampling of mustard particulates 
and little is known regarding the reliability of the 
technique. 


FIELD SAMPLING UNDER SUBTROPICAL 


AND TROPICAL CONDITIONS 


DETERMINATION 
OF CONCENTRATION VERSUS 
TIME RELATIONSHIPS 


36.3 


Instruments suitable for the determination of the 
relation between concentration and time are de- 
scribed in Chapter 38. The method of using these 
instruments in field work has been described in 
considerable detail. 


DETERMINATION 
OF EXTENT AND DEGREE 
OF LIQUID CONTAMINATION 


36.4 


The extent and degree of initial liquid contamina- 
tion can be determined by adding an easily determi- 
nable characterizer to the munition charging.” :?? The 
most important characterizers used have been dyes, 
although in some cases other substances have been 
used. }2 22,28 ,26 27 29,32 33 38 ,44—46 ,48 The extent and degree 
of initial contamination can then be determined by 
visual inspection of the terrain with or without the 
aid of enameled plates, jump cards, or filter paper 
assemblies.1?.13.22,23,26,27,29,32,33,38,44—46,48 For reasonably 
exact work it is obvious that determination of the 
amount of characterizer on the collecting device by 
colorimetric means is necessary. In some cases it 
may be necessary to determine the drop spectrum on 
the collecting device. Since the distribution of col- 
lecting devices in such a way as to insure representa- 
tive sampling may be difficult or impossible, turf or 
foliage samples may be taken and the amount of 
characterizer contained therein determined. The 
principle disadvantage of the use of characterizers 1s 
that it gives information only in regard to initial 
contamination, or, in cases where liquid droplets 
have to traverse considerable distances, it gives in- 
formation only in regard to the situation at the point 
of droplet formation and not at point of deposition. 
For this reason it is preferable to use methods which 
involve actual determination of the substance being 
studied. Methods for the determination of liquid 
mustard contamination by actually determining the 
mustard present have been described.? 47 


36.5 MISCELLANEOUS METHODS 


Attention is called to the bioassay of mustard gas: 
by means of physiological changes in the eyes of 





MISCELLANEOUS METHODS 601 
CN ma a Te Bg a erm tle Qu Tele Ei RO RN ee epee eee ER 


rabbits.1318 Although this method is not precise, it The determination of the site of bomb burst or the 
served a valuable function in calling attention to the height of burst is of considerable importance in field 
possibility of gross error in chemical sampling pro- work. An instrument was developed 7 to facilitate 
cedure. these operations. 


Chapter 37 


QUANTITATIVE DETERMINATION OF CERTAIN CHEMICAL 
WARFARE AGENTS 


By Carl Niemann 


37.1 INTRODUCTION 


N THE COURSE of the war it became necessary to 

have at hand reliable methods for the quantitative 
determination of certain chemical warfare agents. To 
satisfy this need intensive studies were undertaken 
not only to determine the reliability and usefulness 
of existing methods ®?:33:46—48 but also to develop new 
and more sensitive ones. 


37.2 DETERMINATION OF MUSTARD GAS 


The importance of mustard gas as a chemical war- 
fare agent led to extensive studies on the quantitative 
determination of this substance. The advantages and 
disadvantages of the various methods studied or de- 
veloped are discussed below. 

Bromine Titration. Mustard gas, thiodiglycol, or 
in fact any simple organic sulfide can be determined 
by titration with an aqueous solution of bromine using 
methyl red as an indicator.! The titration depends 
upon the rapid bromination of the sulfide to form the 
dibromide which subsequently hydrolyzes to the 
sulfoxide. After all the sulfide has been transformed 
into the dibromide or sulfoxide, the next added incre- 
ment of bromine oxidizes the indicator to a colorless 
compound. This method has seen extensive use both 
in this country and abroad !!:3!:69.75.79 and provided 
that its limitations are recognized has much to com- 
mend it. The method is applicable to the analysis of 
solutions of mustard or thiodiglycol in water, dilute 
sulfuric or hydrochloric acid, and aqueous acetic 
acid.!:11.31,69,75,79 Tt is simple, rapid, and sensitive, and 
in the hands of an experienced analyst it gives reliable 
results. Its principal disadvantage is its lack of speci- 
ficity "31.59 and in practice its use should be limited to 
those instances where it is certain that no interfering 
substances will be present in significant amount. The 
instability of the reagent makes necessary frequent 
standardization. However, in practice where a large 
number of determinations are involved, the need of 
frequent standardization was not found to be a 
burden.*! 

Hypochlorite Titration. Mustard gas can be deter- 
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mined by titration with standard sodium hypochlo- 
rite solution using methyl! red as an indicator.’ The 
accuracy and sensitivity of this method is comparable 
to that of the bromine titration and the reagent is 
somewhat more stable. However, it also suffers from 
a lack of specificity and its advantages over the 
bromine titration are questionable. 

Chloramine-T Titrations. An aqueous solution of 
chloramine-T may be used to titrate mustard or 
thiodiglycol either in the presence or absence of 
bromide ion. Methyl red is used as an indicator.!® In 
the presence of bromide ion the chloramine-T merely 
serves to oxidize bromide ion to bromine, which then 
reacts with the sulfur atom as described above. In 
the absence of bromide ion the reaction takes a 
different course and twice the amount of chloramine-T 
is consumed. Apparently chlorination of a carbon 
atom occurs. These methods were studied in the hope 
that dilute aqueous solutions of chloramine-T would 
be stable; however, this was not found to be true. 

Dichloramine-T Titration. Mustard dissolved in 
cyclohexane or purified kerosene may be determined 
by adding a known quantity of dichloramine-T and 
titrating the excess dichloramine-T with thiosulfate 
after the addition of iodide and acetic acid.” A varia- 
tion of this method dependent upon the sensitizing 
action of mustard on the reaction between dichlora- 
mine-T and cyclohexanol has also been described.?*> 
These methods, although useful in certain cases, lack 
the simplicity of more direct methods and for that 
reason were not generally used. 

Chloramine-T—0-Tolidine Colorimetric Method. In 
this method mustard gas or thiodiglycol dissolved in 
aqueous acetic acid is allowed to react with a known 
excess of chloramine-T and the excess reagent esti- 
mated colorimetrically !19:3!,47,54.69.74 through the use 
of o-tolidine. The modification of this method de- 
scribed by the California Institute of Technology 
group !? is probably the most reliable. This method in 
its most desirable form !? ean be used to estimate 
mustard gas concentrations over the range of 0-100 ug 
of mustard gas per milliliter of aqueous acetie acid 
and where the acetic acid concentration varies from 
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35-50 volume per cent. The method ?? is reliable and 
sensitive, but its specificity is low, being somewhat 
comparable to that of the bromine titration. Because 
this latter method is particularly rapid, the advan- 
tages offered by the chloramine-T-o-tolidine method 
are questionable. 

Iodoplatinate Colorimetric Method. Mustard gas or 
thiodiglycol in aqueous acetic acid solution reacts 
with iodoplatinate to form [ (CICH2CH2).8 )PtI, and 
iodine.?? The original method 47 based upon the above 
reaction called for the addition of starch to the reac- 
tion mixture presumably to take advantage of the 
starch iodine color. It should be noted that the 
iodoplatinate ion is colored and in the presence of 
mustard gas and starch one is confronted with a 
diminution of color due to à decrease 1n concentra- 
tion of iodoplatinate ion and an increase in color due 
to the formation of the starch iodine complex. Several 
attempts 5^7? to improve the original method were 
not particularly successful so long as starch was added 
to the reaction mixture. However, if starch was 
omitted and the method based upon the decrease in 
color due to a decrease in the concentration of iodo- 
platinate ion, satisfactory results were obtained." 7: 
31,69,71,73 The modified iodoplatinate procedure '7:*!: 
71,78 gives results which are especially reliable when 
solutions contain moderate amounts of mustard gas 
or thiodiglycol; it is sensitive and reasonably spe- 
cific. 8169 In those cases where it is necessary to 
analyze aqueous acetic acid solutions of mustard 
gas or thiodiglycol and where interfering substances 
are suspected the modified iodoplatinate method 17°! 
can be recommended. 

8-Napthol Turbidimetric Method. 'This method *' 7? 
which depends upon the reaction of an ethanolic 
solution of mustard gas with an alkaline solution of 
8-napthol and subsequent estimation of the turbidity 
produced by the mustard gas--napthol condensation 
product, although reasonably specific, is of limited 
applicability, is far too insensitive, and can be con- 
sidered to be of only historical interest. 

Pyridine Colorimetric Method. The condensation 
product of mustard gas and pyridine is transformed 
into a yellow dyestuff upon treatment with alkali. 
Analytical methods 478.5? based upon this reaction, 
although specific and reasonably sensitive, are of 
limited applicability.®? Since otber methods of equal 
or greater specificity and sensitivity are available, its 
use can not be recommended. 

DB-3 Colorimetric Method. The detection of mus- 
tard gas through the use of the 4-(p-nitrobenzyl)- 


pyridine (DB-3) reagent has been described in Chap- 
ters 34 and 35. This test which is based upon the 
alkylation of DB-3 by mustard gas and the subse- 
quent formation of a purple dyestuff was used as the 
basis of a number of colorimetric methods for the 
estimation of mustard gas. In many of these meth- 
ods 27:28a,29a,42a,b,35,59 proper attention was not given 
to important variables and at one time the whole 
approach was in disrepute. However, careful study P? 
of the nature of the reactions and of the important 
variables led to a method of great utility.?:*".°? The 
procedure finally developed ? involved the use of 
sodium perchlorate in the condensation reaction in 
order to augment the sensitivity and specificity of 
the method, and the effect of pH, temperature, con- 
centration of reactants, and interfering substances 
on the condensation reaction were thoroughly in- 
vestigated. The development of the colored dyestuft 
was also studied and the reaction interpreted in terms 
of the weakly acidic character of the reaction product 
of DB-3 and mustard gas. Reactions connected with 
the fading of the dyestuff were studied and it was 
shown that the principal effect was reaction of the 
dyestuff with hydroxylie solvents. The method ?? 1s 
useful for estimating mustard gas concentrations less 
than 50 ug/ml to within about 1 ug and to within 2 ug 
for a range of concentration from 50-150 ug/ml. In 
practice the mustard gas vapor is collected in diethyl 
phthalate, a relatively nonvolatile solvent in which 
water is not appreciably soluble. The above method 
is probably the most specific method for mustard 
gas currently available !!315? and has been adopted 
for use in a number of establishments ?^/5$.5? with but 
minor modification. Its use is strongly recommended 
particularly in the tropics where diethyl phthalate is 
far superior to aqueous acetic acid for the collection 
of mustard gas vapor. 

Argentimetric Titration. The Volhard titration of 
chloride ion arising from the hydrolysis of mustard 
gas 3233.47 ig too insensitive to warrant further con- 
sideration. 

Mercurimetric Titration. The mercurimetric titra- 
tion of chloride ion, arising from the hydrolysis of 
mustard gas using diphenyl carbazone as an indi- 
cator was investigated !9236,5.77 and it was found 
that mercurimetric titration provides a useful pro- 
cedure for the estimation of mustard gas. Over a 
concentration range of 0-250 ug of mustard gas per 
milliliter the concentration can be determined to 
within 2-4 ug. Since the sensitivity of this method 
is not so great as others of equal specificity, and be- 
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cause of the considerable labor involved in car- 
rying out a large number of estimations in this 
way, the mercurimetric titration has not been used 
extensively. 

p-Nitrobenzyl Bromide Colorimetric Method. This 
method * based upon the condensation of p-nitro- 
benzyl bromide with mustard gas and subsequent 
treatment of the condensation product with sodium 
ethoxide to form dyestuff is too involved to warrant 
further consideration. 

Gold Chloride—Benzidine Colorimetric Method. In 
this method *? advantage is taken of the reaction be- 
tween gold chloride and mustard gas to give a com- 
plex soluble in benzene or monochlorobenzene. The 
solution of the complex is treated with benzidine 
to give a blue dyestuff. There is not sufficient infor- 
mation available to comment on the advantages or 
disadvantages of this method though its reported 
accuracy is not great (+10 per cent). 

Thiosulfate Titration. Thiosulfate ion, as well as 
many sulfhydryl compounds, reacts with mustard 
gas in aqueous solution so much more readily than 
does water that substitution occurs almost to the 
complete exclusion of hydrolysis. In the proposed 
method? the sample containing mustard gas in a 
water-miscible solvent such as Cellosolve is added to 
a known quantity of standard thiosulfate solution 
(0.01—0.001 N) and after the solution has been allowed 
to stand for 40 minutes, the excess thiosulfate is de- 
termined by iodometric titration. This method proved 
to be of value in certain investigations ? but unfor- 
tunately there is little or no information that would 
allow one to comment upon its usefulness under more 
varied conditions. 

Todate Thiosulfate Titration. In this method * chlo- 
ride arising from the hydrolysis of mustard gas is 
estimated by an iodometric method based upon the 
metathesis of silver iodate by chloride ion. The 
method, originally advocated * as an accurate 
method for the determination of mustard, is far too 
complicated and is surpassed in accuracy and sensi- 
tivity by other methods. 

Bromate—Bromide Thiosulfate Titration. Mustard 
gas in glacial acetic acid is allowed to react with a 
known excess of standard bromate—bromide solution 
in the presence of mercuric bromide and sufficient 
sulfuric acid to make the solution 0.5 N in sulfuric acid. 
After à suitable interval an excess of iodide 1s added 
and the liberated iodine titrated with thiosulfate. 
This method 7 is a modification of the direct bromine 
titration and suffers from the same lack of specificity. 


QUANTITATIVE DETERMINATION OF CERTAIN CHEMICAL WARFARE AGENTS 


Of the sixteen methods described above, five are of 
such limited applicability that they need not be con- 
sidered further. These are, the 6-napthol turbidi- 
metric method, the pyridine colorimetric method, the 
argentimetric titration, the p-nitrobenzyl bromide 
colorimetric method and the iodate thiosulfate titra- 
tion. The bromine titration, the hypochlorite titra- 
tion, the chloramine-T titration, the dichloramine-T 
titration, the chloramine-T-o-tolidine colorimetric 
method and the bromate-bromide thiosulfate titra- 
tion are relatively nonspecific and should be used 
only in those cases where it is certain that mustard 
gas is the only reacting component." *!:°° Of the 
methods in this group the bromine titration is the 
simplest and in the hands of an experienced analyst 
gives satisfactory results. Of the remaining methods, 
the DB-3 colorimetric method is clearly superior "> 
31,69 followed closely by the iodoplatinate colorimetric 
method. The mercurimetric titration has proved to 
be of value in a number of cases, as has the thiosulfate 
titration. 

The behavior of compounds analagous to or de- 
rived from mustard gas in the more important of 
these methods has been determined 131.69 and it can 
be concluded that adequate methods for the deter- 
mination of mustard gas are at hand. 


37.3 DETERMINATION OF NITROGEN 
MUSTARDS 


The following methods were developed for the 
quantitative determination of the nitrogen mustards. 

DB-3 Colorimetric Method. The DB-3 colorimetric 
method for the determination of mustard gas * can 
be used without modification for the determination 
of tris(B-chloroethyl)amine (HN3) ? and with but 
one minor modification *! for ethyl-bzs(6-chloroethyl)- 
amine (HN1). Presumably the method is equally 
suitable for the estimation of methyl-bis(6-chloro- 
ethyl)amine (HN2). The method is sensitive and 
gives reliable results. Concentrations of HN3 less 
than 25 ug/ml can be estimated with an accuracy of 
0.5 ug/ml and concentrations between 25 and 75 
ug/ml with an accuracy of 1.5 ug/ml. It is believed 
that the above method ':*! is the most satisfactory 
one available in that most of the other methods using 
the DB-3 reagent ?35.4.4549,50,?? are based upon in- 
complete study of the reactions involved. The use ot 
BAL to prevent fading of the dyestuff ?* does not ap- 
pear to be necessary in the recommended method.!*:*! 
Attention is called to two methods depending upon 
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reaction of the nitrogen mustards with DB-3 impreg- 
nated on silica gel, and subsequent development and 
extraction of the dyestuff with a basic organic solvent 
mixture ?*3? as an interesting but not very practical 
modification of the basic method. 

Mercurimetric Titration. A moderately rapid rou- 
tine method depending upon an alkaline hydrolysis 
of HN3 and the subsequent titration of the liberated 
chloride ion with standard mercuric nitrate solution 
using diphenyl carbazone as an indicator has been 


described.!° In a 2-ml sample in diethyl phthalate 


0-250 ug of HN3 can be estimated to within 2—4 ug. 
In à 5-ml sample in 0.1 N nitric acid 0-500 ug of HN3 
can be estimated to within 3-5 ug. Although neither 
so specific nor so sensitive as the DB-3 colorimet- 
ric method, the mercurimetric titration has proved 
useful.?! 

Base Titration. The titration of an aqueous hydrol- 
ysate of HN3 with 0.005 N sodium hydroxide has 
been proposed as a method for the estimation of this 
compound.?* 'The method is too insensitive for 
general use. 

Acid Titration. The nitrogen mustards dissolved in 
glacial acetic acid may be titrated with 0.01 N per- 
chlorie acid in glacial acetic acid using either crystal 
violet or bromocresol green as an indicator.” Al- 
though not particularly sensitive, this method gives 
reliable results. The necessity of conducting the 
titrations under anhydrous conditions seriously limits 
the usefulness of the method.*? 

Of the above methods the DB-3 colorimetric 
method is by far the most sensitive and specific 
and has seen extensive use in field work.*! The mer- 
curimetric titration although less sensitive is of gen- 
eral applicability.’ The base titration and the acid 
titration are of limited utility. Attention is called to 
methods devised for the routine specification analysis 
of the nitrogen mustards.?5;?! 


DETERMINATION OF CERTAIN 
ARSENICALS 


37.4 


The only arsenicals of interest as chemical warfare 
agents are those containing tripositive arsenic. Al- 
though it is true that much effort was expended on 
the development of arsenical chemical wartare agents, 
not one was found to be of sufficient promise to war- 
rant extensive field study. Consequently analytical 
investigations on this subject were not comprehensive 
and little effort was expended in the improvement or 
evaluation of existing methods.46—48 
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Gutzeit Method. This method, originally advo- 
cated 58 for the determination of Lewisite was subse- 
quently simplified by elimination of wet-ashing as an 
intermediate step.‘° 

Dichromate Titration. Lewisite or ethyldichlorarsine 
may be oxidized with dichromate in aqueous sulturic 
acid and the excess dichromate determined by titra- 
tion with ferrous ammonium sulfate using the barium 
salt of diphenylamine sulfonic acid as an indicator.°® 

Bromine Titration. Arsenicals such as Lewisite and 
ethyldichlorarsine may be titrated with aqueous bro- 
mine using methyl red as an indicator.! Lewisite and 
ethyldichlorarsine each consume | mole of bromine 
per mole of compound. 

Hypochlorite Titration. Lewisite and ethyldichlor- 
arsine may be titrated with hypochlorite using 
methyl red as an indicator.’ Attention is called to 
the fact that the tripositive arsenicals consume only 
1 mole of either bromine or hypochlorite per mole of 
compound, in contrast to the behavior of mustard 
gas which consumes 1 mole of bromine and 2 moles 
of hypochlorite.? 

Cerimetric Titration. Both ammonium sulfatocerate 
and perchloratocerate solutions were used in an at- . 
tempt to devise an analytical procedure for the de- 
termination of tripositive arsenicals.”*° The indicators 
employed were methyl red and the ferrous-phenan- 
throline complex. The former is an irreversible indi- 
cator while the latter is reversible. With the combina- 
tions of ceric compounds and indicators tried, the 
determinations always gave a large positive error and, 
in addition, the results were not reproducible. This 
was apparently due to the oxidation of the organic 
side chain in the arsenical at a rate too slow to result 
in quantitative oxidation and too fast to neglect com- 
pletely, as pure arsenic trioxide could be titrated 
accurately with sulfatocerate solution using the 
ferrous phenanthroline indicator. 

Iodometric Titration. Many arsenicals can be ti- 
trated directly with a standard iodine solution using 
starch as an internal indicator.?v However this 1s not 
true of ethyldichlorarsine. It is well known that 
aqueous alkaline solutions of certain arsenites readily 
undergo oxidation on exposure to air, and it appeared 
that this reaction might be minimized by proper con- 
trol of the pH of the solution during titration. A pH 
between 5 and 9 must be employed, since at a pH 
less than 5 the oxidation is incomplete and the rate 
slow, and at a pH greater than 9 some of the iodine 
is converted into iodate and iodide.^* Attention has 
been called ?*» to the practice of adding an excess of 
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standard iodine solution to the tripositive arsenical 
dissolved in bicarbonate buffer and then titrating the 
excess iodine with standard thiosulfate. It is known 
that the use of thiosulfate for titrating small quanti- 
ties of iodine in a neutral or slightly alkaline solution 
usually gives erroneous results because part of the 
thiosulfate is oxidized to sulfate instead of tetrathio- 
nate. Therefore standard arsenite solution must be 
used in place of thiosulfate if accurate results are to 
be obtained.?* 

Argentimetric Titration. The Volhard titration of 
chloride arising from the hydrolysis of lewisite and 
mustard gas has been proposed along with the esti- 
mation of arsenic as a method for determining mus- 
tard gas and lewisite when simultaneously present.*® 
This method is lacking in sensitivity. 

Attention is called to methods proposed for the 
specification analysis of Lewisite.*° 


DETERMINATION OF CERTAIN 
ORGANIC FLUORINE COMPOUNDS 


37.9 


Practically all of the methods devised for the de- 
termination of fluorine-containing chemical warfare 
agents were dependent upon decomposition of the 
compound in question with concomitant formation 
of fluoride ion and subsequent estimation of this 
latter substance. Since satisfactory methods for the 
determination of fluoride ion were available at the 
time this work was initiated, the problem was to de- 
velop suitable methods for converting the fluorine 
contained in certain organic compounds into fluoride 
ion. This is not a difficult problem where several 
milligrams of the isolated substance are available, but 
in most cases it was necessary to consider the an- 
alysis of very much smaller quantities and their col- 
lection from the atmosphere. The various methods 
proposed for the decomposition of organic fluorine 
compounds with the formation of fluoride ion are 
described below. 

Ammonia Decomposition. Methyl fluoroacetate col- 
lected in aqueous ammonia can be hydrolyzed to 
methyl alcohol, glycollic acid and fluoride ion by heat- 
ing the ammoniacal solution in a sealed tube at 
150 C, or at a pressure of 4 atm, for 2 hours.?? A por- 
tion of the hydrolysate containing not more than 
50 ug of fluoride ion is freed of ammonia by evapora- 
tion and the fluoride ion determined by titration with 
thorium nitrate using as an indicator Brilliant Solo- 
chrome Blue, which forms a lake with thorium ion. 
This method permits the estimation of from 1-100 ug 
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of fluoride ion with an accuracy of about 0.5 yg.*® 
This method has been shown to be applicable to the 
collection and decomposition of dialkyl fluorophos- 
phates ?* and an alternative method of determining 
fluoride ion involving formation of lead chlorofluoride 
has been described.®**: This latter method is not so 
sensitive as the thorium titration. 

Sodium Decomposition. A procedure was developed 
for the estimation of fluorine in compounds such as 
methyl fluoroacetate and 6-fluoroethanol in which 
the compound dissolved in n-hexanol was refluxed 
with sodium, the fluoride ion extracted with water 
and the fluoride ion in the aqueous phase titrated 
with thorium nitrate using sodium alizarin sulfonate 
as an indicator.’ In the hope of enhancing the color 
change at the end point of the thorium nitrate 
titration, 54 dyestuffs used individually in conjunc- 
tion with sodium alizarin sulfonate were investigated. 
Only du Pont Azo Blue appeared to be of value.’ 
Comparison of Solochrome Brilliant Blue with sodium 
alizarin sulfonate revealed that each indicator had 
some advantages depending upon the concentration 
of fluoride ion. The former indicator was found to be 
more sensitive at lower concentrations of fluoride 
ion.’ A colorimetric method for the estimation of 
fluoride ion based upon the bleaching of the thorium- 
alizarin sulfonate lake has also been described. The 
decomposition of organic fluorine in ethanol solution 
by sodium and subsequent estimation of fluoride 
ion,®*> although useful in certain cases, 1s not so 
generally useful as is the method using a higher boil- 
ing alcohol.’ 

Sodium Peroxide Decomposition. Methods de- 
pendent upon fusion of an organic fluorine compound 
with sodium peroxide ĉ8*:Þ:° or with metallic so- 
dium 5:$62,5,685 to give fluoride ion are of interest only 
in the analysis of compounds obtainable in an 
isolated state. 

Pyrolytic Decomposition. Methods based upon the 
pyrolysis of organic fluorine compounds either in the 
presence ?? or absence of hydrogen ĉ%-4 although suc- 
cessful in some instances do not appear to be gen- 
erally useful, and in many cases quantitative con- 
version into fluoride ion is not obtained.??/68e.4 "his 1s 
particularly true of the method based upon combus- 
tion of an aqueous ethanol solution of the fluorine- 
containing compound .?$2.5.e.71 

Periodate—Perchlorate Decomposition. Organic fluo- 
rine compounds such as methyl fluoroacetate, p-fluo- 
roethanol and the fluorophosphates in aqueous solu- 
tion can be oxidized or hydrolyzed to give fluoride ion 
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by treatment with a mixture of potassium metaperio- 
date, silver perchlorate, and perchloric acid.!® The re- 
action mixture is refluxed and then distilled at 
135-145 C, maintaining the temperature at the 
above value by the addition of water until 100 ml of 
distillate has been collected. An aliquot portion of 
the distillate is then analyzed for fluoride ion by 
titration with thorium nitrate solution using Solo- 
chrome Brilliant Blue as an indicator.” 

The chemical warfare agents such as the fluoroace- 
tates and their homologs, never showed sufficient 
promise to justify extensive field testing. Conse- 
quently there was no opportunity to evaluate criti- 
cally the usefulness of these methods under varying 
conditions. It should be pointed out that in certain 
instances it was possible to devise a fairly specific 
method for a fluorine-containing compound. For ex- 
ample, S:Fio can be determined in the presence of 
SF, SOoF2, NOs, N2O and SF; by removing the latter 
gases by passage through a bubbler charged with 
alkali and then passing the effluent stream through 
a bubbler containing a solution of sodium or potas- 
sium iodide in acetone, the iodine liberated being 
determined by titration with thiosulfate.*.554 


37.6 MISCELLANEOUS DETERMINATIONS 


The analytical methods discussed in this section 
were not used extensively and little information 1s 
avalable in respect to their usefulness and reli- 
ability. 

Determination of Alkyl Fluorophosphates. 'The alkyl 
fluorophosphates can be hydrolyzed with ammonia 
to give fluoride 1on as indicated previously. Alkaline 
hydrolysis ordinarily does not result in the formation 
of phosphate 1on. Alkyl fluorophosphates collected in 
aqueous alkali can be hydrolyzed by either hydro- 
bromic or hydroiodic acid to give phosphate ion 
which can then be determined by colorimetric meth- 
ods involving the formation of molybdenum 
blue.?7.58,64 
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Determination of Hydrogen Cyanide. A determina- 
tion of hydrogen cyanide was made in the presence 
of titanium tetrachloride, chlorosulfonic acid and 
it was found that hydrogen cyanide collected in a 
bubbler charged with 0.25 N sodium hydroxide can 
be determined either by titration with silver nitrate or 
by a colorimetric method based upon the reaction of 
cyanide ion with picric acid.” In the former method 
aliquot portions of the aqueous cyanide solution were 
titrated with silver nitrate to a silver iodide end 
point after making the solution 0.6 N in ammonia. 
The hydroxyl ion concentration can vary between 
0.5 and 1.5 N without materially affecting the results. 
The precision of the method is +10 ug from 50- 
1,000 ug and +20 ug from 1,000-10,000 ug. The 
presence of 100 mg of sodium sulfate, sodium chloride, 
potassium cyanate, sodium formate, or sodium sulfite 
is without effect upon the titration. The picric acid 
colorimetric method may be used for determining 
2-100 ug of cyanide ion with an accuracy of +2 ug. 
Chloride, sulfate, cyanate, formate and ammonia ions 
do not interfere, but sulfite 10n does. 

Determination of Ethyl Dimethylamidocyanophos- 
phate (MCE). MCE collected in aqueous sodium 
hydroxide hydrolyzes to form cyanide ion which can 
be determined by titration with silver nitrate as just 
described.2* To determine the phosphorus in MCE 
as phosphate ion it was found necessary to resort to 
fuming with perchloric acid *' or oxidation with both 
alkaline and acid permanganate.” 

Determination of Chloroacetophenone (CN). Chloro- 
acetophenone collected in diethyl phthalate may be 
estimated colorimetrically with the aid of m-dinitro- 
benzene.?? 

Miscellaneous Determinations. Attention is called 
to methods developed for the specification analysis 
of both hydrogen cyanide “ and cyanogen chloride;?: 
12,16,21 the determination of certain chemical warfare 
agents in contaminated carbon clothing, and the 
determination of certain chemical warfare agents in 
contaminated foodstuffs.?5^ 6! 


Chapter 38 


INSTRUMENTAL METHODS FOR DETERMINATION OF CERTAIN 
CHEMICAL WARFARE AGENTS 


By Carl Niemann 


INTRODUCTION 


N CHAPTER 37, methods for the determination of 
| certain chemical warfare agents using so-called 
classical chemical techniques were described. As 
indicated previously, the determination of mustard 
gas was by far the most important problem. Although 
certain of the so-called classical methods were re- 
liable and were used extensively 753!:8:35 there al- 
ways existed a need for new and improved methods 
of analysis. In the laboratory the lack of skilled 
analysts, the primitive facilities, and the necessity of 
conducting thousands of individual analyses empha- 
sized the need for reliable and rapid instrumental 
methods of analysis. If chamber experiments were 
to give a maximum amount of information, it was 
necessary to develop instrumental methods that 
would furnish data which either was unobtainable by 
classical methods, or could be obtained only with 
considerable difficulty. Finally there was an urgent 
demand for instrumental methods of analysis that 
could be used in the field and that would give in- 
formation otherwise unobtainable. The instrumental 
methods of analysis described below relate primarily 
to the determination of mustard gas and only inci- 
dentally to the determination of other chemical war- 
fare agents. 


38.1 


38.2 SEMIAUTOMATIC AND AUTOMATIC 
TITRIMETERS 


The discovery that mustard gas as well as a num- 
ber of other chemical warfare agents could be titrated 
potentiometrically ! was of inestimable value in the 
development of instrumental methods for tbe analy- 
sis of these chemical warfare agents. In the original 
investigation it was shown! that mustard gas and 
certain arsenicals could be titrated in dilute sulfuric 
acid solution with bromine and other oxidizing 
agents using two platinum electrodes and a sensitive 
galvanometer to determine the end point. Although 
the original method ! is now of historical interest, it 
served to demonstrate the potentialities of the ap- 
proach. 
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38.2.1 Semiautomatic Titrimeter * 


In the usual methods of potentiometric titration,*’ 
the substance to be titrated 1s added to a half cell 
containing a suitable electrode and connected to 
another half cell containing a reference electrode. 
The reagent is added in increments and the potential 
is measured after each addition by means of a po- 
tentiometer. The potential is then plotted against 
the volume of reagent added and the end point 
determined from the plot. This method is accurate 
and sensitive but does not readily lend itself to 
instrumental development. The apparatus herein 
described is based upon the fact that in many cases 
the increase in potential at the end of the titration is 
so great that it is not necessary to measure the in- 
crease quantitatively, and instead of a potentiometer 
only a galvanometer is required. This will be recog- 
nized as the principle of the so-called Pinkhof titra- 
tion. A reference electrode is used which has the 
same potential as that of the titrating electrode at 
the end point of the titration. The titrating electrode 
and the reference electrode are connected to a 
galvanometer and the reagent slowly added until a 
sudden deflection, or in some cases a null point 
reading, is observed on the galvanometer. This 1s 
taken as the end point. In the apparatus under dis- 
cussion the volume of reagent added is not read 
directly but is determined by measuring the time a 
constant flow-type burette ?5 is open. 

The apparatus‘ consists of a storage battery, an air 
pump, a titration cell, an electrically operated con- 
stant flow-type burette,a galvanometer, and a switch. 
The galvanometer and switch may be located 
wherever the operator wishes to be. Four wires con- 
nect the two units. In operation, air containing the 
substance to be determined is drawn through the 
titration cell at a constant flow rate. After a selected 
time interval, depending upon the concentration of 
the substance to be determined in the airstream, the 
switch is closed, thus opening the constant flow-type 
burette. The circuit is allowed to remain closed until 
the galvanometer needle is deflected a selected num- 
ber of scale divisions. At this time the switch is again 
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opened, thus stopping the flow from the burette. The 
time interval from the beginning of the aspiration of 
gas through the titration cell to the end of the titra- 
tion is directly proportional to the amount of air 
passed through the cell, and the time interval from 
the beginning of the titration to the end of the titra- 
tion is directly proportional to the amount of 
reagent added. Since the flow rate of the air through 
the cell and the strength of the reagent is known, 
the quantity of the substance to be determined in 
the airstream can be readily calculated. If the sub- 
stance to be determined is in solution, a known vol- 
ume of the solution can be added to the titration cell 
and the titration performed as described above. 

The above apparatus,’ or a simplified version of ıt 
in which the electrically operated burette is replaced 
by a manually operated one,® has been used for the 
determination of mustard gas, its homologs, and 
certain arsenicals, all of which may be titrated po- 
tentiometrically with bromine or other oxidizing 
agents.+%?8 Phosgene, hydrogen cyanide, chloro- 
picrin, and other substances which liberate chloride 
ion in the presence of water or form insoluble com- 
pounds with silver ion may be titrated potentio- 
metrically with silver nitrate using a silver—silver 
chloride electrode. In the case of phosgene it is 
necessary to have solid p-chloroaniline in the titra- 
tion cell to insure complete hydrolysis.5 The nitrogen 
mustards can be determined potentiometrically by 
titration with silver nitrate,9? with dilute nitric acid 
using a quinhydrone electrode, and with dilute 
sodium hydroxide using a quinhydrone electrode 
after pyrolysis of the gases entering the titration 
cell.'? The semiautomatic titrimeter and its simpli- 
fied version were used extensively for the determina- 
tion of mustard gas present both as a gas +ë and in 
solution. The apparatus proved to be quite sensitive, 
in that a fraction of a microgram of mustard gas 
could be detected, and it was sufficiently precise for 
most purposes. Unfortunately, since it is dependent 
upon the use of the bromine titration for the de- 
termination of mustard gas, its specificity is not 
great. The use of an electronic amplifier and a milli- 
ammeter in place of the less robust galvanometer 
has been suggested.??? 


Field Model Semiautomatic 
‘Titrimeter 


30.2.2 


The need for a titrimeter capable of being oper- 
ated in the field led to the development of an instru- 
ment, under the joint auspices of the Chemical 
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Warfare Service [CWS] and the National Defense 
Research Committee [NDRC], Division 9, based 
upon the semiautomatic titrimeter described above. 
The field model was modified during the construc- 
tion of several hundred units and only the final 
modification 7° will be discussed. The instrument has 
four functional parts: a titration cabinet, a portable 
6-volt wet-cell battery, a five-wire cable on a reel, 
and a control box. The titration cabinet contains an 
electrically driven air pump, a titration cell, an 
electrically actuated constant flow-type burette, an 
overflow trap, an electric relay box, and a three-way 
magnetic valve. The principal innovation introduced 
into the field model titrimeter was the provision for 
the stirring of the titration cell with clean air. This 
was found to be necessary because, if high con- 
centrations of mustard gas were present in the at- 
mosphere, continued aspiration of the contaminated 
alr through the titration cell during the titration 
period did not permit the attainment of an end 
point within a reasonable time. It should be pointed 
out that it is not practical to change the concen- 
tration of the reagent at frequent intervals under 
field conditions. With the aid of a three-way magnetic 
valve it was possible to aspirate contaminated air 
through the titration cell for a selected collection 
period, and then, by diverting the airstream through 
a charcoal trap, to pass clean air through the cell 
during the titration period. The control box contains 
a galvanometer, two variable resistances, a stop- 
watch, suitable toggle switches to control the pump 
motor, and the burette valve and magnetic three-way 
valve. The control box is attached either directly 
to the titration cabinet or indirectly by means of a 
cable. 

Although several hundred field model semiauto- 
matic titrimeters were used in field work both in this 
country and abroad and were responsible for ob- 
taining much valuable data, their operation required 
the services of a large group of people. The fact that 
the instrument and its accessories were unwieldly 
and heavy added to the difficulties inherent in 
operating on difficult terrain. In addition, extensive 
servicing was required. Under more favorable con- 
ditions it may be possible to provide for better 
instrumentation with particular regard for lighter 
and less bulky equipment and tropic- and dust- 
proofing of all electrical and mechanical components. 
Such a program would be justified only if the instru- 
ments were to be used for the determination of 
chemical. warfare agents other than mustard gas 
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because other and more satisfactory instruments 
have been developed for the determination of that 
substance. 


Electrolytic Semiautomatic 
Titrimeter 


38.2.3 


Intheabove instruments the reagent is added to the 
titration cells by means of an electrically or manu- 
ally operated burette. An alternative and superior 
method of introducing the reagent into the titration 
cell was discovered in 1944.???* This new method was 
based upon the electrolytic formation of the reagent 
in the titration cell. In principle four electrodes are 
mounted in the titration cell, two serving as ob- 
serving electrodes and two as generating electrodes. 
The solution in the titration cell contains an elec- 
trolyte which can be converted into the reagent by 
electrolysis. In carrying out a titration the sample 1s 
introduced into the titration cell and current is 
passed at a constant rate through the generating 
electrodes until the end point is observed through 
the use of the indicating electrodes and a suitable 
galvanometer. Since both the time the current 1s 
passed through the generating electrodes and the 
intensity of the current are readily determinable 
quantities, the amount of reagent liberated in the 
titration cell and the amount of substance titrated 
are readily calculated. The advantages of electrolytic 
generation of the reagent are manifold in that it 
eliminates the need for the burette assembly which 
is fragile and bulky, does not require standardized 
reagent solutions, permits the use of any reagent 
concentration thereby allowing the apparatus to 
function over a wide range of sample concentrations, 
and, finally, opens the way to more general and 
automatic instrumentation. 

The above principle has been applied in the con- 
struction of several instruments for the electrometric 
titration of mustard gas.?^?* [n one of these one 
pair of platinum electrodes is used to electrolyze a 
solution 0.2 N in sulfuric acid containing 0.1 per 
cent potassium bromide. A similar pair connected to 
a separate current source is used to determine the 
end point. A potential difference of 0.2 volt across 
the indicating electrodes rapidly polarizes them and 
thus no current flows until the end point when the 
excess bromine depolarizes the cathodes. The elec- 
trolyzing potential is maintained at about 1.5 volts, 
thus being between the decomposition voltages of 
potassium bromide and sulfuric acid, 1.25 volts and 
1.78 volts respectively. The other instrument ?? dif- 
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fered only in minor detail but different operating 
conditions were employed. 

An interesting application of the electrolysis prin- 
ciple is to be found in an apparatus devised for the 
titration of acid gases by electrolytic generation of 
hydroxyl ion.” In this apparatus a double-compart- 
ment cell is employed. 


Field Model Electrolytic 


Semiautomatic Titrimeter 


38.2.4 


The instruments described in the preceding para- 
graphs were designed primarily for laboratory use. 
In view of the difficulties associated with the oper- 
ation of the field model semiautomatic titrimeter, 
steps were undertaken in 1944 by the Bushnell es- 
tablishment to develop a field model electrolytic 
semiautomatic titrimeter. 

The instrument finally developed ?? consists of a 
titrimeter cabinet and cables. The titrimeter cabinet 
is a lightweight resin bonded plywood box equipped 
with carrying handles and dust- and moisture- 
proofed by means of a rubber gasket between the lid 
and bottom. Chest catches allow the cabinet to be 
closed tightly. Suitable holes, one-half in the lid and 
one-half in the bottom, provide the outlets for the 
intake tube, main cable, and battery cable when the 
machine is in operation. Rubber bushings in these 
holes keep tight seals around the intake tube and 
cables, and plugs are provided for the holes when 
the machine is not in operation. All the elements 
within the cabinet are mounted on a removable base 
plate. These include (1) a motor-operated pump 
similar to the one in the field model semiautomatic 
titrimeter, (2) the cell, which is held in a block and 
which contains two platinum generating electrodes 
in addition to the indicating electrodes, (3) an over- 
flow trap of simple bubbler tube construction, (4) a 
relay housed in glass to control the motor, and (5) a 
brass plate on which is mounted the amphenol con- 
nector for the main cable and a toggle switch to 
control the motor relay. The control box contains 
(1) a milliammeter reading from 0-2 and 0-20 ma, 
(2) a double-pole, double-throw switch to select these 
ranges, (3) a galvanometer, (4) a shunt register, (5) a 
circuit for regulation of the electrolyzing current, and 
(6) switches to control the electrolyzing and motor 
relay cireuits. The electrolyte contained in the ti- 
trating cell is 0.25 M 1n sulfuric acid and 0.1 M in 
potassium bromide. Air containing the agent is bub- 
bled through the titrating cell at the rate of 1 lpm 
and two polarized platinum electrodes are used as 
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indicator electrodes. With this instrument it was 
possible to achieve rates of titration of from 0.82- 
16 ug of mustard gas per second. This latter value 
permits estimation of concentrations well above the 
highest observed in field experiments. 

Although this instrument was developed too late 
to be put to extensive use, it is reasonably clear that 
it was the most satisfactory semiautomatie field 
instrument developed. It is possible that the instru- 
mentation could be improved and this might be 
profitable if future work requires a semiautomatic 
instrument. 


38.2.5 Automatic Titrimeter 


An automatic titrimeter was developed * which 
was capable of indicating concentrations of mustard 
gas, or any other substance reacting with bromine. 
The response of the instrument to varying concen- 
trations of mustard gas was reasonably rapid so that 
within limits it was capable of indicating for practical 
purposes concentrations prevailing at any one time. 
In this instrument one airstream is passed first 
through a charcoal trap to remove any substance 
reacting with bromine, then through a needle valve, 
and then through a solution of bromine in potassium 
bromide. The airstream containing a definite amount 
of bromine is then passed through a length of 
capillary tubing, through a T-tube, and into a cell 
containing a platinum electrode and a reference 
electrode. The two electrodes are connected through 
a variable resistance to a 0-50 microammeter. A 
second airstream enters the system at a known rate 
through a tube containing a by-pass equipped with 
a second charcoal trap, passes through a length 
of capillary tubing, and then joins the bromine- 
laden airstream at a T, the two streams entering 
the titration cell together. The instrument is pro- 
vided with an electrically driven air pump and a 
miniature storage battery. 

In operation, the second or sampling airstream is 
first by-passed through a charcoal trap, thus leaving 
pure air to mix with the bromine-containing stream 
at the T. The needle valve on the airstream passing 
through the bromide saturator is adjusted so that a 
reading of, say, 45 ua is observed on the microamme- 
ter. This operation provides for the adjustment of the 
instrument to an arbitrary zero reading. The sam- 
pling airstream is then diverted from the by-pass 
and its trap and is allowed to mix with the bromine- 
laden airstream. If mustard gas or any other sub- 
stance which reacts with bromine is present, an 





amount of bromine equivalent to the amount of 
substance present is removed from the combined 
airstreams and cell, and the current read on the 
microammeter will decrease in direct proportion to 
the amount of substance present at that time. The 
instrument constructed ! was suitable for the de- 
termination of mustard gas concentrations varying 
from 0-10 ug/l or from 0-100 ug/l by suitable adjust- 
ment of the resistor in series with the cell and meter, 
and from 0—500 ug/l by changing the capillary in the 
sampling airstream to lower the rate.of air intake. 
It is clear that the instrument requires calibration 
against known concentrations of the substance to be 
determined. The accuracy obtainable may be about 
+10 per cent. It should be emphasized that com- 
parison between the results obtained by this instru- 
ment and those by other means under actual field 
conditions is rendered very difficult by the fact that 
only by integration of many concentration-time 
values to give a total dosage can any comparison be 
made at all. Such a series of concentration readings 
is obtained only by continuous observation of the 
instrument over a relatively long time period by an 
operator exposed to the same concentration of 
mustard vapor as is the instrument itself. This un- 
desirable feature in the instrument’s use was chiefly 
responsible for its being used only very slightly in 
field tests. The important observation made in con- 
nection with its limited use in the field was that the 
zero point setting was far too unsteady. Electrolytic 
generation of bromine, as pointed out below, would 
probably improve this undesirable feature in the 
instrument’s operation. The instrument is compact 
and portable and appears to offer considerable 
promise. The instrumentation is primitive and there 
is little doubt that with proper care in respect to 
instrumentation detail an instrument could be con- 
structed that would be quite usetul for the determi- 
nation of so-called instantaneous concentrations. The 
basic principles embodied in the instrument seem to 
be excellent ones and worthy of further development. 
Such development should consider, aside from fea- 
tures of convenience, the possibility of improving the 
indicating system so as to lessen the amount of cur- 
rent drawn through the cell and of improving the 
design of the titration cell so as to minimize loss of 
bromine in order that electrolytic generation of 
bromine could be used generally. With the present 
design, electrolytic generation of bromine is possible 
for concentrations in the 0- to 10-ug range. Aside 
from eliminating the need of a separate solution as a 
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source of bromine, electrolytic generation of the re- 
agent would possibly obviate the need for calibration. 


38.2.6 Automatic Recording ‘Titrimeter 


An automatic recording titrimeter was devel- 
oped *:8 which was based upon the use of the 
semiautomatic titrimeter described in Section 32.2.1. 
This automatic instrument, which contains an 
electrically operated, constant flow-type burette and 
a photoelectric relay consists of a titration and a 
recording unit. Air is drawn into a cell contained in 
the titration unit, where the titration is auto- 
matically effected. The recording unit controls the 
automatic titration in the titration unit and records 
the analysis on a chart. The titration proceeds as 
follows: Air containing the substance to be de- 
termined is drawn continuously at a constant known 
rate through a solution which absorbs the substance 
and which contains an electrode which detects in- 
directly the presence of the substance. A reference 
electrode of approximately the same potential as the 
end point potential of the first electrode completes 
the electrolytic cell. The potential of this cell controls, 
through a photoelectric relay, the addition of titrat- 
ing liquid to the cell. When the potential of the cell 
is approximately zero, no titrating liquid enters. 
When the substance to be determined is present, pro- 
ducing a change in potential, titrating liquid enters 
the cell at a constant rate until the substance to be 
determined is no longer present. Thus a state of 
chemical balance is produced in the cell. Periodically, 
addition of titrating liquid is stopped and the sub- 
stance allowed to accumulate in the cell. At the end 
of this sampling period, titration begins and proceeds 
until the substance to be determined is no longer 
present. The amount of substance which enters the 
cell during the sampling and titrating periods can be 
calculated from the amount of titrating liquid which 
enters the cell during the titration period. Since the 
rate of flow of titrating liquid into the cell is constant, 
time of flow is proportional to the quantity of re- 
agent entering the cell. The recorder marks the dura- 
tion of titration and nontitration periods and thus 
provides the necessary information for calculating 
the concentration of substance to be determined in 
the incoming air. Two titrating solutions were 
used,»5.? one containing silver nitrate and the other 
containing bromine, depending upon the type of sub- 
stance to be determined. A silver electrode was used 
with the silver nitrate reagent and a platinum elec- 
trode with the bromine reagent. The bromine titration 


INSTRUMENTAL DETERMINATION OF WARFARE AGENTS 


will determine 0.10—10,000 ug of mustard gas per liter 
of air. The silver nitrate titration is slightly less sensi- 
tive. In the determination of low concentrations of 
mustard gas, the air may be passed over certain 
kinds of soda lime to remove any vapors of the poly- 
sulfides of mustard gas which may be present. 
The overall accuracy of the instrument is about +10 
per cent. The recorder may be at any desired dis- 
tance from the titration cell and several titration 
cells at various locations may be operated and 
recorded consecutively by the same recorder. 

A simple electronic timing circuit for use with the 
above automatic recording titrimeter was devised.!° 
It made possible the selection of time cycles varying 
between 0.25 and 5.8 minutes and thus worked 
below the lower limit of 3 minutes permitted by the 
gear system of the unmodified titrimeter. It also 
arranged automatically for the start of a new sam- 
pling period directly after the preceding period is 
completed. 

Six automatic recording titrimeters were con- 
structed ? and were used either as constructed or with 
minor modifications *° primarily in chamber experi- 
ments where their performance was reasonably satis- 
factory.!9393.5,539 Use of the above type of auto- 
matic recording titrimeter is limited to the laboratory 
or semipermanent installations. It is definitely not a 
portable instrument and it is certain that it could 
not survive field usage. It is very questionable that 
further instrumentation along the above lines would 
result in a usable portable instrument because of the 
fragility and bulkiness of a number of components 
necessary for this type of instrument. A stronger 
reason for not continuing development along the 
above lines is that another instrument based upon 
different principles and offering considerably greater 
promise has already been developed. This is de- 
scribed in the following section. 


38.2.7 Automatic Electrolytic Recording 
litrimeter 


For use in chemical warfare studies and in other 
problems, an automatie recording titrimeter should 
provide for (1) the continuous indication of the con- 
centration of the substance to be determined, (2) the 
recording of the concentration as it varies, either 
slowly or rapidly, with time and (3) the continuous 
indication of the integrated value of the concentra- 
tion. That is, the instrument should be capable of 
indicating the concentration at any time, the dosage 
accumulated from an arbitrary zero time to the time 
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of reading, and the variation of concentration with 
time. It is realized that if sufficient time were avail- 
able and conditions ideal, all of the information 
could be obtained from the concentration versus 
time record. However, in field work conditions are 
rarely if ever ideal and, since time is often an im- 
portant element in field work which involves ex- 
posure of humans to toxic agents, it 1s extremely 
desirable to have immediate information in regard 
to the concentration at any one time and the dosage 
accumulated during a given time interval. 

An automatic recording electrolytic titrimeter was 
developed ? to satisfy not only these requirements 
but also others relating to portability and sustained 
unattended operation. It was intended that the 
instrument be used primarily for the determination 
of mustard gas. The complete instrument consists 
of (1) the titration unit, (2) the recording unit, (3) an 
auxiliary integrating unit, and (4) an auxiliary power 
unit. The titration unit contains a titration cell 
utilizing electrolytic generation of the titrating agent, 
an electronic power amplifier operated on dry cells, 
a motor-driven air pump operated by a storage bat- 
tery also in the unit, a panel meter for indicating 
concentration, a gas-type integrator for indicating 
dosage (concentration X time) values, the necessary 
controls for the adjustment and operation of the 
instrument, and electric outlets for connection with 
the other units. The recording unit was simply a 
commercial model ink-recording milliammeter. 'The 
auxiliary integrating unit is an electronic device de- 
veloped subsequent to the gas-type integrator. The 
electronic integrating device is capable of greater 
precision and utility than the gas-type integrator 
but is somewhat larger. The auxiliary power unit is 
provided for those cases where long periods of oper- 
ation are required. 

The way in which the titrimeter operates is illus- 
trated in Figure 1. Although the several steps in- 
volved in the operation occur simultaneously, it is 
convenient to arrange them in a hypothetical se- 
quence as follows: (1) When no mustard is being ab- 
sorbed by the titration cell, the generating electrodes 
produce bromine at a low constant rate to provide a 
constant but very small bromine concentration in 
the cell. (2) The observing electrode system (plat- 
inum and calomel) is very sensitive to small changes 
in the bromine concentration. When mustard is ab- 
sorbed in the cell, it reacts quantitatively with the 
bromine and produces a change in the potential of 
the observing electrodes. (3) The “observed poten- 


tial’’ is applied to the input terminals of an electronic 
power amplifier, the output terminals of which are 
connected in series to the generating electrodes and 
the output current meters. (4) The change in the 
"observed potential" causes a change in the bromine- 
generating current which is just sufficient to com- 
pensate for the consumption of bromine by the 
absorbed mustard. The power amplification of the 
amplifier is sufficient to produce large current 
changes for very small changes in the observed poten- 
tial. For this reason the initial bromine excess 1s al- 
most completely restored. (5) Since the change in 
the bromine-generating current is a direct measure 
of the change in the rate of consumption of bromine 
by mustard, the record of the current may be used 
as a record of mustard concentration, the propor- 
tionality factor being given by Faraday’s law. The 
sampling flow rate is constant, conveniently at 
1 lpm. 

Equilibrium concentrations are set up in the titra- 
tion cell despite the constant addition of the re- 
actants because of the circulation of liquid through 
the cell and the aeration of bromine by the airstream. 
Circulation is of great importance in the rapid attain- 
ment of equilibrium and in the prevention of hunting 
in the instrument. The absorbing solution is cleansed 
of excess reactants and reaction products by passage 
through a bed of granular charcoal. 

For observing the “instantaneous” concentration 
of mustard gas, a 0-1 milliammeter in the generating 
current circuit was employed. Per minute, one ma 
generates the quantity of bromide which reacts with 
49.5 ug of mustard. Since the air sampling flow rate 1s 
1 lpm, a meter reading of 1 ma corresponds to 50 ug 
of mustard gas per liter to within 1 per cent. The 
meter sensitivity can also be decreased to 100 ug of 
mustard gas per liter full-scale by inserting, with the 
aid of a toggle switch, a shunt resistor in parallel 
with the meter when a greater range is desired. The 
recording unit may also be placed in the generating 
current circuit, thereby enabling the recording of the 
concentration as a function of time. For determining 
the integrated value of the concentration over a given 
time interval two devices were developed, one of 
which is a simple electrolytic gas generator and the 
other an electronic circuit and impulse counter. Both 
may be placed in the generating current circuit. The 
electrolytic gas-type integrator, which was based 
upon the displacement of a dyed solution along a 
helieal path by gas generated from two small elec- 
trodes, is graduated in units of 2 ma/min, corre- 
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sponding closely to 100 ug of mustard. The range of 
the integrator extends to 10,000 ug of mustard. 

The electronic current integrator, or microcoulom- 
eter, can be attached to the titrimeter in place of 
the gas-type integrator or in series with it. The 
clock-type counter dial of the microcoulometer per- 
mits the direct reading of the instantaneous value of 
the integrated concentration. The microcoulometer 
can also be used with the titrimeter to perform very 
rapid automatic titrations of microgram samples of 
mustard. In one series of titrations, only 15 seconds 
were required for the completion of each titration, 
including the adding of the sample and the recording 
of the result. 

It is believed that in principle the above instru- 
ment is vastly superior to all others developed for the 
instrumental determination of mustard gas and other 
substances determinable by a reagent capable of 
being formed by electrolysis. Further instrumenta- 
tion is needed to produce an instrument that will 
withstand the vicissitudes of field work not only in 
the tropics but also in temperate zones. If such an 
instrument could be produced and demonstrated to 
be reliable under a variety of operating conditions, 
it would be an exceedingly valuable instrument for all 
types of problems including some not pertaining to 
chemical warfare. 


38.3 AUTOMATIC TAPE RECORDERS 


Tape recorders are instruments which in principle 
depend upon reaction of the substance to be de- 
termined, or a product thereof, with a tape impreg- 
nated with a reagent, the product of this reaction 
being a color or stain whose intensity, or extent, is 
proportional to the concentration of the substance 
to be determined. The exposure of successive seg- 
ments of the tape to the substance to be determined 
is achieved by mechanical means. In this way a 
record is produced which can be read, with or with- 
out the aid of auxiliary equipment, to give informa- 
tion regarding the average concentration of the 
substance to be determined over the sampling time 
interval and the variation of this incremental average 
concentration with time. 


38.3.1 Paper Tape Recorder 


A paper tape recorder and auxiliary equipment 
was developed !5?22:4» and produced in sufficient 
quantity to permit evaluation of this type of instru- 
ment under a variety of field conditions.!5?1234.b 
The paper tape recorder is contained in an aluminum 
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case containing two compartments, the lower pro- 
viding space for a small 6-volt storage battery and 
the upper one for the sampling and recording mecha- 
nism. The instrument fully assembled weighs 25 
pounds. Air containing the substance to be deter- 
mined is drawn into the sampling and recording 
mechanism through a metal tube, equipped with a 
rainproof cap, projecting through the top of the case. 
No special provision is made for air exhaust as there 
is sufficient leakage at the on-off switch and at other 
points for the escape of air. The sampling and record- 
ing mechanism is driven by a 6-volt shunt-wound 
motor with built-in worm gear. The suction pump is 
an automobilé windshield wiper motor from which 
the valve mechanism has been removed and which 
is provided instead with a set of Bunsen check valves 
connected with fittings attached to the two pump 
cvlinders. The suction pump is driven by means of a 
connecting rod and crank. The volume of air pumped 
is approximately 850 ml/min with the grade of paper 
usually used. The paper tape transport mechanism 
can be engaged either intermittently or continuously. 
The paper tape transport mechanism consists of a 
pair of intermittent spur gears driving a standard 
16-mm film sprocket, and two cams, one of which 
controls a valve on the intake air line, the other re- 
leasing the paper during its period of travel. As 
usually used in sampling persistent agents, the paper 
tape is moved so that every other frame on the re- 
sulting record is unexposed. This gives as many 
blanks for photometry as there are exposed frames. 
The provision for tape feed and rewind is conven- 
tional for 16-mm motion picture equipment. An 
actuating cam was designed so as to be readily re- 
placeable in order to provide wide latitude in the 
choice of exposures when working with different 
agents. The rate of paper travel is normally that 
which produces one exposure per minute. With suit- 
able modifications the paper tape travel can be 
changed to a multiple or fraction of this rate, thus 
providing for greater sensitivity or greater range of 
concentration. 

The volume of air drawn through the paper when 
the film-driving mechanism is in continuous oper- 
ation (i.e., for nonpersistent agents) is governed by 
the angular extent of the rise on the cam operating 
the air valve. The volume of air sampled in this way 
at each exposure is approximately 2 ml. Air entering 
the intake tube is passed, in order, through a control 
valve, through the paper tape, through a trap which 
contains either charcoal or silica gel or both, and 
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Note 1. Mustard entering in contaminated airstream. 
Note 2. Reaction chamber. Mustard is absorbed in the solution, a small excess of bromine being present. 


Note 3. Observer electrodes detect potentiometrically changes in the bromine concentration resulting from changes in the rate of addition 
of mustard. Amplifier regulates the rate of electrolytic generation of bromine, in accordance with Faraday’s law, so that the bromine excess is 


restored. 
FicurE 1. The principle of operation of the automatic titrator. 
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finally to the suction pump. The suction pump 1s thus 
continually discharging clean air within the instru- 
ment case. The current consumption is approxi- 
mately 1.8 amp, the battery capacity thus providing 
for approximately 10 hours of operation. When used 
for nonpersistent agents, the limiting factor in the 
sampling time is the size of the roll of tape. One full 
role of tape provides for 90 minutes of running time. 
The paper No. 750 manutactured by the Hulburt 
Paper Co. was selected as the best for subsequent im- 
pregnation, since it meets both the physical and 
chemical requirements. 

The accessory equipment required for the oper- 
ation of the recording units included: a tape-impreg- 
nating machine in which the paper tape is impreg- 
nated with reagents appropriate for the substance to 
be determined; a photometer for determining the 
intensity of the colored frames; and a portable cali- 
brating unit for producing known vapor concentra- 
tions of the substance to be determined. The impreg- 
nating apparatus was designed to carry out auto- 
matically the impregnation and drying of two strips 
of tape simultaneously. The paper tapes are passed 
by means of a motor-driven sprocket from feed reels 
into a common bath containing an impregnating 
solution which is fed from a reservoir through a 
constant level siphon. The tapes travel up and down 
through a drying tower, through which hot air is 
circulated, and are then passed onto rewind reels. 
The apparatus provides for three speeds of tape 
travel and for two settings of the tower heat. 

The photometer assembly consisted of three parts: 
(1) the frame which carries the light source, tape- 
feed mechanism, and reels, (2) the photoamplified 
cartridge which contains the photocell and the 
vacuum-tube amplifier, and (3) the control unit 
which contains the indicating meter, controls, and 
dry batteries. Current for the light source, motor, and 
amplifier tube filament is obtained from auxiliary 
storage batteries. The photometry is performed by 
measuring the light transmitted through the paper 
tape. As the records usually consist of a series of 
colored spots interspersed at intervals with blank 
spots, the instrument is adjusted, by means of Polar- 
oid filters, to give a full-scale reading for a blank 
spot; the tape is moved to place a, colored spot in the 
light path and the decrease in transmitted light is 
taken to be proportional to the intensity of the stain. 
A calibration curve was prepared relating intensity 
of stain to concentration of the substance to be 
determined. 
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The portable calibration unit provided for the 
availability of airstreams containing known amounts 
of the various chemical warfare agents and was 
simply a system permitting the controlled dilution 
of an airstream containing a relatively high and 
known concentration of the substance to be de- 
termined. 

Test papers were developed for determining mus- 
tard, cyanogen chloride, phosgene, and hydrogen 
cyanide, and the instrument was used in many field 
trials involving the use of these agents. When the 
paper tape recorders were first used in field work, 
considerable difficulty was encountered in preparing 
impregnated paper tape that would permit satis- 
factory performance under varying conditions of 
temperature and humidity. In practically all if not 
in all cases, it seemed possible to overcome earlier 
difficulties, and by late spring of 1945 the tape re- 
corders were being used in field trials. Although more 
opportunity for comparison of the paper tape re- 
corder, using its now most satisfactory paper for 
mustard gas, with the field model electrolytic semi- 
automatic titrimeter would be desirable, it seems 
that the two instruments may be capable of com- 
parable accuracy. The paper tape recorder is suff- 
ciently light and compact to be employed in cases 
where extreme portability and completely automatic 
operation is required. Its principal disadvantage is 
that no immediate information can be obtained re- 
garding concentration and dosage. The paper tape 
recorder is believed to be a satisfactory and useful 
instrument for obtaining information in respect to 
the concentrations of a given substance. The me- 
chanical features of the present instrument appear 
to be satisfactory, although it would be profitable to 
undertake further instrumentation in respect to 
features of convenience. Its application to problems 
other than those considered is of course dependent 
upon the development of suitable impregnated paper 
tapes. 


Sensitized Film Mustard Gas 
Recorder 


38.3.2 


In this instrument ' an airstream containing mus- 
tard gas is saturated with water vapor and is im- 
pinged upon a sensitized gelatin film, advanced by 
clockwork, to give a trace of silver chloride; this can 
be developed and the optical density related to the 
mustard concentration of the sampled air through 
calibration of the instrument. The sensitive film is 
prepared by removing the silver halide emulsion 
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from standard positive 35-mm movie film and treat- 
ing the latter with a solution of silver perchlorate. 
The instrument employed a centrifugal vacuum 
pump, operated by a small 6-volt motor, first, to 
draw air over methanol and through a combustion 
chamber and a heat-dissipating tube to maintain a 
constant temperature; second, to draw in the air to 
be sampled through a flow-regulating capillary and 
then through a water saturator, to impinge it through 
a jet upon a recording film, and then expel it; third, 
to draw clean mustard-free air through a regulated 
leak into the recorder container to maintain a non- 
contaminating and noncorroding atmosphere about 
the mechanisms and the film which is not in the 
immediate region being exposed to the sample. The 
film is advanced by a clock-driven mechanism at the 
rate of 3 inches per hour. After exposure the film is 
removed from the recorder, washed free of silver 
perchlorate, developed, washed, and dried. Photo- 
metric correlation of the net light absorption of the 
trace with known mustard gas concentrations per- 
mits a calibration curve to be constructed which 
can then be used to convert observed net light ab- 
sorption along the trace to the mustard gas concen- 
tration existing in the air drawn into the recorder as 
a function of time. Thus, average concentrations 
over a 3- to 4-minute sampling period can be obtained 
from the curves relating concentration and time. 
The minimum concentration detectable by the 
instrument seems to be below 1 ug of mustard gas per 
liter. The film appears to be stable if kept dry and 
dark and reasonably cool and may be prepared 
weeks before use. One field test of the recorder 
showed values 5.5 per cent below the average total 
dosage bubbler values over a 4-hour period, and 
hourly values which deviate 7.5 per cent from bubbler 
values. Two other field trials showed fair correlation 
with the tape recorder and bubbler methods but the 
trials as a whole were not adequate tests. Because of 
its late development it was not possible to evaluate 
the instrument properly, although it does appear 
that in principle it is not so useful as the paper tape 
recorder (Section 38.3.1). 


38.3.3 Pyrolytic Mustard Gas Recorder 


An instrument was devised which depends upon 
the pyrolysis of mustard gas to form hydrochloric acid 
and the estimation of this latter substance colori- 
metrically.!2 This instrument does not require the 
use of electric power in that the mechanical parts are 
driven by clockwork and the injector-type air pump 


actuated by butane gas subsequently used as fuel for 
the pyrolyzing unit. The sample of the contaminated 
air is drawn by the injector through a quartz tube, a 
portion of which is heated by a gas burner. On 
passing over the heated portion of the tube, the 
mustard gas is pyrolyzed with the formation of 
hydrogen chloride. The airstream is then passed over 
afew drops of water contained in a depression in the 
tube, where the hydrogen chloride is partially ab- 
sorbed. The sampling and absorption of the hydrogen 
chloride proceeds for a fixed period of time (9 min- 
utes if the 15-minute cycle is used), after which the 
quartz tube automatically snaps into contact with 
the recording drum. The latter carries a chart of 
absorbent paper impregnated with Congo red and 
ruled with a water-repellent material into vertical 
strips about 1g inch wide. The quartz tube impinges 
upon the drum in the center of one of these vertical 
strips, and as soon as contact is made with the paper, 
the water is drawn by capillary action through a 
small hole in the tube and drained out onto the strip. 
The strip of indicator is colored blue to a length 
which is dependent upon the amount of hydrogen 
chloride present; hence the length of blue measures 
the concentration of mustard gas in the incoming air 
sample. After remaining in contact with the paper 
for 4 or 5 minutes to allow time for the water to be 
completely drained. the tube begins to move away 
from the drum, and shortly thereafter a new charge 
of water is injected by a small pump. The entire 
process is then repeated on the next cycle, the record- 
ing drum in the meantime rotating to bring a new 
strip of paper into position for the next record. The 
instrument was designed to operate continuously 
without attention for 15 hours on a 15-minute cycle 
or for 30 hours on a 30-minute cycle. The record 
charts are about 16 inches long by 4.5 inches high 
and are divided into 60 individual record strips. 
When the end of a record chart is reached, the in- 
strument’s clock mechanism automatically stops 1t- 
self. 

The fuel tank holds 314 pounds of liquefied pe- 
troleum gas, which is sufficient to supply the burner 
for more than 30 hours. The butane enters the burner 
through an aspirating nozzle, simultaneously feeding 
the flame that heats the quartz tube and furnishing 
the suction necessary to sample the air. The gas is 
delivered at constant pressure from a regulator, pro- 
ducing a constant sampling rate. This is adjusted by 
means of a rotameter flowmeter that is included in 
the suction line. Once adjusted, the instrument holds 
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an essentially constant flow rate of about 0.5 lpm for 
the duration of the sampling period. It is necessary 
to set the flow rate always to the same value since 
the mustard gas concentrations given by the cali- 
bration charts are valid only at the sampling rate at 
which the instrument is calibrated. 

At the end of a period of sampling, the record 
sheet is removed from the drum and the records are 
read in the following manner: the ends of each blue 
strip are marked with a pencil and the length of blue 
is then measured in millimeters. It is now necessary 
to determine the length to which each strip was wet 
by water in which the hydrogen chloride was ab- 
sorbed, since the length of blue produced by a given 
amount of hydrogen chloride is influenced by the 
extent of wetting of the strip. This is done by blow- 
ing hydrogen chloride vapor onto the record sheet 
from a bottle containing dilute hydrochloric acid. 
The acid vapor turns the paper blue everywhere ex- 
cept at the limits of wetting, which appear as pink 
lines against a blue background. Having measured 
the lengths of wetting in millimeters, the average 
mustard gas concentration during each 15-minute 
(or 30-minute) interval of the sampling period is 
found by reference to a calibration chart in which 
mustard gas concentrations are tabulated against 
millimeters of blue for various wetting lengths. 

A calibration chart for each quartz tube is fur- 
nished by the manufacturer of the instruments. Each 
individual tube requires a separate calibration chart, 
since the efficiency of absorption of the hydrogen 
chloride is dependent upon the characteristics of the 
particular tube used. It is not necessary, however, 
that a quartz tube always be used in the same 
machine in which it was calibrated, since the flow 
rate at which different machines sample is set at 
the same value. 

This recorder has several features which recom- 
mend it as a field sampling instrument: (1) it is a 
portable, compact unit and requires no batteries or 
external source of power, (2) its operation is auto- 
matic and it requires no attention from the operator 
during the sampling period, and (3) a time-delay 
starting device is included, by which the instrument 
can be set to start automatically at some prede- 
termined time, from 0—55 minutes after setting; thus 
several instruments may be set by one operator to 
begin recording simultaneously. 

The pyrolyzing recorder has several basic faults. 
The indicator action upon which it depends is not 
specific but will be given by any compound forming 
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a hydrogen halide by pyrolysis. Volatile acids affect 
the indicator. This is a marked disadvantage in field 
assessment where acetic acid is being used in bubblers 
placed nearby. The quartz tubes are fragile. The 
absorption of hydrogen chloride is incomplete, caus- 
ing sufficient corrosion within the instrument that it 
may fail to operate correctly. The device is usable 
only at concentrations of mustard gas up to 50 ug/l 
and at concentrations above 2-3 ug/l. The blue 
boundary is indistinct so that large reading errors are 
inevitable. Temperature has a marked influence on 
the wetting of the paper. The apparatus frequently 
skips a record when water fails to drain from the 
quartz tube at the time of making contact with the 
record chart, probably because the capillary is dirty 
or air-bound. The instrument samples only for two- 
thirds of the time it operates. This may lead to a 
significant error in calculating total dosage. 


38.4 MISCELLANEOUS INSTRUMENTS 


In this section several instruments are described 
which were developed either as instrumental aids in 
the laboratory determination of mustard gas and 
other chemical warfare agents or aS warning devices 
intended to alert exposed personnel to the presence 
of significant concentrations of certain chemical war- 
fare agents. 


38.4.1 Potentiometric Determination of 


Chloride lon 


Mustard gas, the nitrogen mustards, and a number 
of other chlorine-containing chemical warfare agents 
may be hydrolyzed or oxidized to chloride ion. This 
latter substance can then be determined by measur- 
ing the potential of a cell composed of a reference 
half cell and a silver-silver chloride-chloride ion half 
cell.'^ An alternative method is the conventional po- 
tentiometric titration with silver nitrate and suitable 
titrating and reference electrodes.’ 


Conductimetric Determination of 


Hydrochloric Acid 


Air containing mustard gas is passed into a cell 
containing two electrodes and maintained at a tem- 
perature of 80 C. At this temperature the hydrolysis 
of mustard gas is reasonably rapid and the hydro- 
chloric acid formed can be determined by measuring 
the conductivity of the solution. A recording milli- 
ammeter in a 110-volt circuit and in series with the 
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electrodes provides for a continuous record of the 
amount of hydrochloric acid formed and the amount 
of mustard gas introduced into the cell.” 


38.4.3 Automatic Potentiometric Dosage 
Meters 


An instrument was developed for the automatic 
detection of gases which react with silver ion to form 
an insoluble compound or complex ion.” In this 1n- 
strument air containing the substance to be deter- 
mined is passed through a silver-silver ion half cell 
and pure air passed through an identical silver-silver 
ion half cell. The complete cell is connected in series 
with a mirror galvanometer through appropriate 
series and shunt resistances. When the concentration 
of silver ion in the half cell through which the con- 
taminated airstream was passed is decreased by 
reaction with the substance to be determined, the 
galvanometer deflects and a beam of light is re- 
flected from the galvanometer mirror onto a photo- 
electric cell which in turn actuates a relay controlling 
a time indicator or some other signal. By altering the 
concentration of silver ion or the extent of galva- 
nometer deflection needed to operate the photo relay, 
the instrument can be used to indicate the attainment 
of a given dosage. The limit of sensitivity appears 
to be about 210-7 mole chloride ron or 15 ug of 
mustard gas. A variation of the above instrument 
was also developed for the detection and determina- 
tion of substances which react with bromine. In 
principle the operation of this latter instrument is 
similar to that of the automatic titrimeter de- 
scribed in Section 38.2.6. An airstream containing a 
low and controlled amount of bromine is passed 
through a cell containing a platinum electrode, dilute 
sulfuric and hydrochloric acids, and a 0.1 M silver 


nitrate-silver reference electrode. The air to be 
sampled is introduced into the bromine-laden air- 
stream prior to the latter's entry into the cell. In the 
absenee of substances reacting with bromine, the 
potential of the cell is translated into a definite de- 
flection of a mirror galvanometer. When an amount 
of substance equivalent to the bromine present is 
introduced, the potential becomes zero and the de- 
flection of the galvanometer is altered. The galva- 
nometer is arranged to operate a photoelectric relay 
so that when excess gas is present, the relay operates 
a signal. If the gas concentration drops below the 
equivalent bromine concentration, a potential dif- 
ference is again established and the signal is turned 
off. The critical concentration required to operate the 
signal may be set at any desired mustard gas con- 
centration provided that it is greater than about 0.2 
ug of mustard gas per liter. 


Automatic Photoelectric Dosage 
Meter 


An apparatus was designed * to record the attain- 
ment of predetermined dosages of mustard gas and 
other chemical warfare agents by taking advantage 
of the change in light transmission of a cell containing 
a reagent which would react with the substance to be 
determined. Air containing the substance is passed 
through a cell containing a solution of Congo red, 
silver nitrate, or starch and potassium iodide, and 
superimposed between a light beam and a photo- 
electric relay. When the end point is reached the 
relay is actuated and in turn it operates a warning or 
timing device. The end point is a function of the 
concentration of the substance to be determined, the 
amount of reagent present, and the sensitivity of the 
photoelectric system. 


38.4.4 





Chapter 39 


MISCELLANEOUS ANALYTICAL STUDIES 


By Carl Niemann 


INTRODUCTION 


Ee THE COURSE of World War II, Section 
9.3 of the National Defense Research Com- 
mittee [ NDRC |, considered a number of problems 
other than those relating to the detection, identifica- 
tion, and field assessment of chemical warfare agents. 
These supplementary problems were concerned with 
(1) the determination of carbon monoxide, (2) the 
determination ot the impregnite content of impreg- 
nated clothing, (3) the treatment of water contami- 
nated with certain chemical warfare agents, (4) the 
determination of the vapor pressure of selected 
chemical warfare agents, (5) the determination of the 
structure of certain chemical warfare agents, and 
(6) the development of analytical methods for the 
determination of DDT. The last topic is discussed 
in Chapter 42 and will not be considered here. 


39.1 


39.2 DETERMINATION OF CARBON 


MONOXIDE 


Division 9 sponsored two kinds of investigations 
on the determination of carbon monoxide: first, an 
evaluation of methods for the accurate determination 
of the carbon monoxide present in so-called standard 
samples prepared by the Bureau of Standards; 
second, the development of instrumental methods of 
analysis suitable for use under field conditions. The 
"standard samples" were necessary as standards in 
this second phase of the work. 


39.2.1 Analysis of Carbon Monoxide-Air 
Mixture Standard Samples 


The analytical methods used for determining the 
carbon monoxide content of the so-called standard 
samples were: 

1. An acidimetric method in which carbon mon- 
oxide was oxidized to carbon dioxide over Hopcalite, 
the carbon dioxide absorbed in standard barium 
hydroxide solution, and the excess alkali titrated 
with standard acid.!4??.59 

2. A gravimetric method in which carbon mon- 
oxide was oxidized to carbon dioxide over Hopcalite 
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at 195 C and the carbon dioxide collected in a 
weighed tube charged with Ascarite.!45.59 

3. An iodometric method in which carbon mon- 
oxide was allowed to react with iodine pentoxide at 
140-150 C, the iodine formed being collected in po- 
tassium iodide and titrated with standard thiosulfate 
solution.!4^9? 

4. A second gravimetric method in which carbon 
monoxide was allowed to react at 175-200 C with 
mercuric oxide contained in a weighed tube and de- 
termining the loss in weight arising from the reaction, 
CO (gas) + HgO (solid) —»> CO, (gas) + Hg (gas).* 

Numerous analyses were made using the methods 
described above and it was concluded that the mer- 
curic oxide method was not only the simplest but the 
most reliable of those investigated for the analysis of 
carbon monoxide-air mixtures. 


Instrumental Methods for De- 
termining Carbon Monoxide in Air 


39.2.2 


Initially the objective was to develop a simple, 
portable instrument which could be used in the field 
to determine concentrations of carbon monoxide in 
the range of 0.01—0.1 per cent. It was intended that 
this apparatus be used as a test instrument to de- 
termine the amount of carbon monoxide arising from 
the firing of weapons in enclosed places such as ships, 
gun turrets, tanks, and fortifications. Interest gradu- 
ally subsided in the original goal and shifted to the 
problem of determining carbon monoxide in airplane 
cabins where the chief source of the gas is engine 
exhaust. This change of objective imposed a different 
set of conditions in that it became important to be 
able to determine carbon monoxide in the presence of 
hydrocarbons. In addition it was necessary to de- 
termine markedly lower concentrations of carbon 
monoxide, and to be able to operate the instruments 
under greater variations of temperature and baro- 
metrie pressure, these variations being sudden and 
occurring constantly rather than being seasonal and 
relatively slow. The characteristics desired were the 
following: (1) range of concentration determinable, 
for the Army 0-0.4 per cent, for the Navy 0-0.08 
per cent; (2) limit of error, 0.002 per cent carbon 
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monoxide; (3) size and weight of instrument, 9 x 
6 x 5 inches, 15 pounds or less; (4) time of response, 
reliable readings in 3—4 minutes or less; and (5) maxi- 
mum power available, 300 watts for the Army, 30 
watts for the Navy. 

The instrumentation program sponsored by Di- 
vision 9 was directed toward the exploitation of four 
reactions exhibited by carbon monoxide. These were 
(1) the exothermic oxidation of carbon monoxide 
over Hopcalite, (2) the reduction of mercuric oxide 
to mercury by carbon monoxide, (3) the reduction 
of complex palladium salts by carbon monoxide, and 
(4) the formation of carbon monoxyhemoglobin. The 
instruments developed were either of the thermo- 
metric or colorimetric type. 


THERMOMETRIC INSTRUMENTS 


In the exothermic oxidation of carbon monoxide 
over Hopcalite, measurement of the heat of reaction 
provides a means of determining the concentration 
of carbon monoxide. This principle, previously em- 
ployed in an instrument developed by the Mine 
Safety Appliance Company, was given further con- 
sideration. A simple thermometric apparatus was 
developed ! in which air was passed, at the rate of 
1.5 lpm, through a cell containing 1 g of Hopcalite. 
The heat of oxidation of carbon monoxide caused a 
rise in temperature which was measured by a 
specially designed mercury-in-glass thermometer 
placed immediately above the catalyst. The rise in 
temperature was found to be proportional to the 
concentration of carbon monoxide in the entering 
gases and the device was capable of measuring con- 
centrations of carbon monoxide between 0.01-0.1 
per cent in steps of 0.01 per cent. This simple device, 
which failed to meet operating requirements, was 
modified in an attempt to obtain a satisfactory 
instrument. 

In the modified instrument,’ air flowing at the 
rate of 1.5 lpm was passed through a 20-toot cop- 
per coil, through the catalyst and around the ther- 
mometer bulb. The above assembly was enclosed 
in an electrically heated thermostat which controlled 
the ambient temperature to within 0.1 C. The 
mereury-in-glass thermometer was equipped with 
platinum contacts placed at intervals along the stem. 
The thermostat was adjusted so that at thermal 
equilibrium the mercury thread just completed the 
circuit between the first and second contacts. The 
higher contacts were spaced to correspond to tem- 
peratures attained during the oxidations of selected 


concentrations of carbon monoxide. When the circuit 
was completed through the higher contacts, a light, 
meter, or relay was actuated. Unfortunately it was 
not found possible to place contacts closer to each 
other than about 0.5 degree, with the result that 
concentrations could be determined only in steps of 
about 0.01 per cent. 

In view of the need of greater sensitivity it was de- 
cided to abandon the use of mercury-in-glass ther- 
mometers and to develop a device in which the 
temperature was measured by resistance thermom- 
eters.22 This latter instrument consisted of four com- 
ponents: (1) the main instrument case, (2) an indi- 
cating meter, (3) the drier assembly, and (4) a 
suction gauge and regulating valve. The main in- 
strument case contained the reaction cell and heat 
exchanger both in a common thermostated housing. 

The cell design was of the parallel-flow type, in 
which the influent gas stream was divided into two 
parts. One part waspassed through the catalyst charge 
where the heat of oxidation was effective in raising 
the temperature of a pair of resistance thermometers. 
The other part was passed through a charge of ad- 
sorptive but noncatalytic material (Columbia acti- 
vated carbon) exposed to a second pair of identical 
resistance thermometers. Each of the four resistance 
thermometers constituted one arm of a Wheatstone 
bridge normally operated at constant applied voltage. 
The disposition of the oxidation and reference ther- 
mometers was such as to cause maximum bridge un- 
balance for a given temperature difference. Any 
difference of temperature between the two pairs of 
thermometers caused a current to flow through the 
microammeter connected across the bridge points. 
In the oxidation of carbon monoxide, this current 1s 
proportional to the concentration of carbon monoxide 
being oxidized. The use of the parallel-flow type of 
cell made it possible to eliminate substantially ad- 
sorption effects due to gasoline vapor, carbon dioxide, 
and similar gases and vapors, by producing equivalent 
heats of adsorption simultaneously in each cell 
chamber. The desiccant used was indicating Drierite. 

The total weight of the four components including 
3-foot lengths of MSA flexible hose was about 20 
pounds of which 1314 pounds was in the main 
instrument case assembly. The main instrument case 
measured 914x614 x9 inches, and the indicating 
meter unit, 41⁄5 x 41% x 27% inches. In order to 
make combustion conditions independent of ambient 
temperature variations, the entire thermometric 


_ bridge was enclosed in a thermostated housing main- 
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tained at approximately 50 C and controlled by a 
Fenwal thermoswitch. The influent gas was passed 
through a suitable heat exchanger also controlled at 
this temperature. 

This direct-indicating carbon monoxide instrument 
was tested at the Instrument Development Labora- 
tory of the Naval Air Experimental Station, Phila- 
delphia Navy Yard, to obtain information on the 
altitude and temperature characteristics. It was 
found that the instrument performed satisfactorily 
as indicated by zero and calibration checks made 
before and after the flights. This instrument was also 
checked against the standard cylinders of carbon 
monoxide-air mixtures obtained from the Bureau of 
Standards and results could be read to 4- 0.001. Thus, 
it is clear that both the precision and accuracy of this 
instrument are high. 


COLORIMETRIC ÍNSTRUMENTS 


A lightweight, compact, portable instrument, de- 
pendent upon the reduction of mercuric oxide at 
175-200 C by carbon monoxide and subsequent esti- 
mation of the liberated mercury with a selenium 
sulfide test paper, was déveloped on a contract 
sponsored by Division 9.** In this instrument the 
sample was drawn into a cylinder by raising a plunger 
manually and then allowing the plunger to return to 
its initial position, thus forcing the sample through a 
reaction tube charged with a specially prepared 
mercuric oxide. The reaction tube was maintained at 
175-200 C by means of a thermostated housing. The 
gases issuing from the mercuric oxide zone were 
passed through an unheated arm of the reaction tube 
and allowed to impinge upon a strip of selenium 
sulfide test paper contained therein. The presence of 
mercury caused a blackening of the test paper and 
the length of the stain was found to be proportional 
to the carbon monoxide content of the sample. 
Through the use of calibrated papers containing ap- 
propriate concentrations of selenium sulfide, measure- 
ment can be made over the range of from 0.0-3.0 per 
cent carbon monoxide with a relative accuracy over 
the entire range of 5-10 per cent. The time required for 
a determination was approximately 3 minutes. When 
carbon monoxide-free air was passed through the 
apparatus, a blank equivalent to about 2 ppm of 
carbon monoxide resulted from the thermal dissoci- 
ation of the mercuric oxide. The chief sources of 
error appeared to be the magnitude of the blank and 
the sharpness of the boundary of the stained area on 
the test paper. However, this sharpness increased 
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with increasing selenium sulfide content of the test 
paper. The above instrument satisfied all operative 
requirements and was a truly portable instrument 
in that it was light, compact, simple, and easy to 
operate. When it was tested with standard carbon 
monoxide—air mixtures it was found that its precision 
was high and its accuracy was well within 10 per 
cent of the true values. 

A photoelectric instrument based upon the reduc- 
tion of either palladous silicomolybdate or palladous 
silicotungstate by carbon monoxide was developed.” 
In this instrument silica gel impregnated with one of 
the above palladous salts was transferred from a 
hopper into a cell placed between a light and a 
photoelectric cell. The meter was adjusted to zero, 
the sample passed at a predetermined rate and for a 
selected time through the cell, and the change in 
light intensity arising from the change in transmis- 
sion through the cell observed on a calibrated milli- 
ammeter. The instrument was so constructed as to 
permit the ready elimination of the exhausted indi- 
cator from the test cell and the introduction of a 
fresh charge. Provision was also made for the con- 
venient control of flow rate and sampling time. With 
palladous silicomolybdate gel, the range of the in- 
strument was 0.001-0.5 per cent carbon monoxide 
and with palladous silicotungstate gel, 0.05—1.0 per 
cent carbon monoxide. Equipped with a siliea gel 
trap in the sampling line the instrument appeared to 
be reasonably specific and the sensitivity met Service 
requirements. Although the above instrument ap- 
peared to satisfy Service requirements preference was 
given to other instruments. 

The reaction of carbon monoxide with hemoglobin 
to form carbon monoxyhemoglobin was investigated 
with the intent of developing an instrument utilizing 
this reaction. Although considerable information was 
obtained relative to the spectrophotometric determi- 
nation of hemoglobin derivatives and although a 
simple photoelectric colorimeter was developed, it 
was concluded " that the hemoglobin reagent was 
too unstable to permit its use and that other methods 
of analysis were superior. 

The desire of the Armed Services to have at hand 
an instrument, usable under flight conditions, which 
would indicate the concentration of carbon monoxide 
present during relatively short time intervals appears 
to have been satisfied in the development of the 
Leeds and Northrup thermometric instrument ” and 
the Beckman colorimetric instrument ** already de- 
scribed. 
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3923 Detection of Carbon Monoxide 


In the course of investigations on the determina- 
tion of carbon monoxide, considerable information 
was obtained relative to the detection of this gas. 
Although a number of different substances were 
studied 12:13 none had the versatility of the palladous 
silicomolybdate indicator. It would appear that with 
the availability of the Bureau of Standards indicator 
using this reagent and the Farnborough (RAF) de- 
tector5? which is à dipotassium palladium disulfite 
impregnated silica gel, it can be stated that the prob- 
lem of the detection of carbon monoxide is well in 
hand provided adequate filters are included to remove 
hydrocarbon gases and other reducing materials. The 
carbon monoxide indicator provided in the Chemieal 
Warfare Service M-9 detector kit is not adequate in 
this respect. 


DETERMINATION 
OF IMPREGNITE CONTENT 
OF IMPREGNATED CLOTHING 


39.3 


The determination of "antivesicants" in impreg- 
nated clothing was an important routine determina- 
tion in the development and surveillance of this type 
of garment. Aside from procedures suitable for 
laboratory use, methods were needed which could be 
used at depots, on shipboard, and in the field. 


39.3.1 Laboratory Methods 


Since all of the impregnites used in impregnated 
clothing were chloramides, a simple iodometric titra- 
tion was adequate for their estimation. The impreg- 
nite was extracted with a suitable solvent, potassium 
iodide was added, and the liberated iodine titrated 
with thiosulfate.*° 


Field Methods 


Field methods were of two general types. In one, 
that of the Army, no attempt was made to determine 
the actual impregnite content but the method was 
suitable for the indication of the presence or absence 
of a predetermined impregnite content. In the other, 
the Navy, the actual amount of impregnite present 
in a given area of cloth was determined. 

Army Method. The method used by the Army was 
based upon the reaction of the chloramide with po- 
tassium iodide and the subsequent reaction of the 
liberated iodine with a predetermined amount of 
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sodium thiosulfate. The presence of iodine, detected 
visually or with the aid of a paper impregnated with 
starch, served to indicate the presence or absence of a 
predetermined amount of impregnite.4 447.515 A Kit 
was developed which permitted these operations to 
be conducted under field conditions.*?:5? 

Navy Method. A method was developed for deter- 
mining the impregnite content of cloth which was 
based upon measurement of the heat liberated in the 
reaction between the chloramide impregnite and a 
mustard gas simulant such as phenylhydrazine.’ 
It was found that an approximately linear relation- 
ship exists between the amount of heat developed 
and the impregnite content of the cloth.?** This 
method was not considered suitable for field use by 
the Army 4 but, as it appeared to offer considerable 
promise for use on shipboard and in routine testing, 
its development through improved instrumentation 
was undertaken.!? Two different types of instruments 
were designed !7 for use in the rapid evaluation of the 
protective capacity of impregnated clothing. These 
instruments were built for use with a specified 
amount of reagent on a definite area of clothing 
which was thermally shielded and separated by a 
fixed distance from a woven wire electrical resistance 
thermometer element. The temperature rise was 
measured by means of differential electrical resistance 
thermometers, the elements of which were cemented 
to the underside of gold caps. The thermometer unit 
was insulated from the thermometer housing by the 
short bakelite tube supporting the gold cap. The use 
of the two-element differential thermometer provided 
compensation for ambient temperature changes. The 
temperature rise was indicated by the deflection on 
the microammeter scale. In measuring the tem- 
perature rise in this particular instrument, the cloth 
is held rigidly by means of a plastic cap on the collar 
which surrounds the gold cap of the "hot" side. The 
cloth is thereby maintained at a fixed distance above 
the gold cap. This makes it possible to make many 
measurements without the trouble of cleaning the 
gold cap after each measurement. The limit of error 
of the direct-reading instrument was +0.1 g chloride 
ion/em? X. 104 and the limit of error of the simplified 
instrument was +0.25 g chloride ion/em? X 10*. 
The Navy found these instruments to be satisfactory 
for their intended purpose and purchased a number of 
the direct-reading type. 

Other Methods. For purposes of record, attention is 
called to other methods suggested for determining 
the impregnite content of cloth.**? 
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TREATMENT OF WATER 
CONTAMINATED WITH CERTAIN 
CHEMICAL WARFARE AGENTS 


39.4 


Considerable effort was expended in investigations 
relative to the treatment of water contaminated with 
certain chemical warfare agents in order that such 
water might be made potable. The investigations 
included a study of the chemistry of certain chemical 
warfare agents as water contaminants, the develop- 
ment of analytical methods suitable for control pur- 
poses, actual water treatment procedures, and a 
study of the effect of chemical warfare agents on 
aquatic life. 


39.4.1 Chemistry of Certain Chemical 
Warfare Agents as Water Contaminants 


The development of rational treatment procedures 
was dependent upon having adequate information in 
respect to the hydrolytic and oxidative reactions 
exhibited by certain chemical warfare agents. This 
information was obtained for the more common 
chemical warfare agents. 

Mustard Gas and Related Compounds.* The hy- 
drolysis of mustard gas was studied and it was 
found that the nontoxic thiodiglycol (TG) and 
the toxic sulfonium salt from 2 moles of thiodiglycol 
and 1 of mustard (H-2TG) are formed in varying 
proportions depending upon the conditions em- 
ployed. The conditions for the oxidation of mustard 
gas and its hydrolysis products were also investigated. 
The oxidizing agents employed included chlorine 
water, hypochlorites, ozone, hydrogen peroxide, and 
Halazone. All these agents readily and rapidly con- 
verted sulfides to sulfoxides. Further oxidation to the 
sulfone is rapid with chlorine and Halazone, but 
requires considerably longer time or more vigorous 
conditions with the other oxidizing agents. Chlora- 
mine-T reacted with mustard gas to form an insolu- 
ble, stable, moderately toxic, sulfilimine derivative; 
TG and H-2TG were oxidized to the sulfoxide by 
this reagent. The slightly toxic sulfoxide of mustard 
gas was extremely stable in water under all condi- 
tions. The slightly toxic but vesicant sulfone of mus- 
tard gas was unchanged after 17 days in distilled 
water at room temperature. In weakly alkaline solu- 
tion, the sulfone rapidly lost hydrogen chloride to 
give divinyl sulfone. Diviny] sulfone was highly toxic 
intramuscularly and extremely lachrymatory, but in 


a The reactions in water of the sulfur and nitrogen mus- 
tards *,41,82,40a,55 are reviewed in detail in Chapters 19 and 20. 
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aqueous solutions at 100 ppm it was innocuous. Un- 
palatable but nontoxic thiodiglycol was readily oxi- 
dized to the nontoxic sulfoxide, which has practically 
no odor or flavor. Further oxidation gave the non- 
toxic sulfone which lost water readily on heating or 
slowly on boiling in water to yield nontoxic thioxane 
sulfone. The toxic sulfonium salt, H-2TG, was 
slowly hydrolyzed to thiodiglycol at room temper- 
ature, but rapidly in boiling water. The nonvesicant 
readily oxidizable polysulfides in Levinstein mustard 
make this material markedly more persistent than 
pure mustard gas in contact with water. An attempt 
to prepare a chlorinated disulfide led instead to 
excellent yields of 8-chloroethylsulfinyl chloride, the 
postulated intermediate in the formation of mustard 
gas from ethylene and sulfur chloride. 

Suspensions of bzs(8-chloroethylthioethyl) ether 
(T) undergo hydrolysis at about half the rate of mus- 
tard gas to give a complex mixture of DB-3 positive 
sulfonium salts. No T glycol can be detected in the 
hydrolysate. The DB-3 positive sulfonium salt of 
T with 2 molecules of TG was prepared and studied. 
T sulfone as well as the two diastereoisomeric forms 
of T sulfoxide were also prepared and characterized. 
They are much less toxic than T. It was concluded 
that the DB-3 tests incorporated in the two Chemical 
Warfare Service water-testing kits will detect toxic 
concentrations of T sulfonium salts. 

bis(8-Chloroethylthio)ethane (sesquimustard, Q) 1s 
extremely insoluble in water and its rate of dissolu- 
tion 1s far less than that of either mustard gas or T. 
It would, therefore, constitute a much less serious 
problem as a water contaminant. From its rate of 
hydrolysis in aqueous dioxane, it is evidently about 
twice as reactive as T and about four times as re- 
active as mustard gas. Some factors related to the 
mechanism of hydrolysis of the mustards and related 
thiodiglycol sulfonium salts were studied. Q was con- 
verted by oxidation to the two diastereoisomerie 
disulfoxides and to the sulfone, and analogous 
products were prepared from Q glycol and from 
Q glycol dibenzoate. The oxidation products of Q 
and Q glycol were found to be relatively nontoxic. 

Nitrogen Mustards.” A study was undertaken on the 
action of the three nitrogen mustards'* as water 
contaminants. The nature of the hydrolytic trans- 
formation products was correlated with experimental 
observations on the changes in the toxicity, the ease 
of adsorption on activated carbon, the detection 


b See Note a. 
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with DB-3 and the ease of chlorination of these 
agents. 

Arsenicals.??55  Arsenicals containing tripositive 
arsenic are hydrolyzed practically instantaneously 
on contact with water. Lewisite frequently forms 
hard lumps which consist of a polymeric modification 
of the oxide. Solutions of the arsenical agents are 
readily oxidized to the corresponding acids with a 
marked decrease in toxicity. Further oxidation is 
difficult. Lewisite may be readily removed by ad- 
sorption on activated carbon, but its arsenic acid 1s 
difficult to remove in this manner. 

Cyanogen Chloride.” The hydrolysis of cyanogen 
chloride in water is a base-catalyzed reaction with a 
half-life time of 18 hours at pH 8 and of 180 hours at 
pH 7. Phosphate ion accelerates the rate of hydroly- 
sis. In dilute solution, ammonia has little effect on 
cyanogen chloride, but sulfide ion reacts rapidly to 
form thiocyanate. Hypochlorite rapidly destroys 
cyanogen chloride and thus is a satisfactory decon- 
taminant. The chlorine demand of cyanogen chloride 
is equivalent to that of the ammonia which would 
be formed by its hydrolysis. This agent is poorly re- 
moved by the best water treatment carbons, but the 
whetlerites are remarkably effective in its removal. 
This action appears to be a chemical degradation 
rather than an adsorption. Cyanogen chloride is 
considerably more toxic to fish than any of the other 
chemical warfare agents tested in this manner. 

Fluorine Compounds.®:*+,°.°6 Diisopropyl fluoro- 
phosphate is soluble in water to the extent of 1.5 per 
cent at 25 C. The primary hydrolysis to diisopropyl- 
phosphoric acid and hydrofluoric acid, at pH 3-8, 
has a half-life of nearly a week at 25 C. Neither the 
agent nor its primary hydrolysis products are affected 
by hypochlorite. Diisopropyl fluorophosphate solu- 
tions undergo a secondary reaction to yield acetone 
and isopropylphosphorous acid, but the factors 
governing this reaction have not been established. 

Methyl fluoroacetate is soluble to the extent of 
about 15 per cent in cold water. It hydrolyzes slowly 
in distilled water. This hydrolysis is catalyzed more 
readily by alkali than by acid, so that in alkaline 
solution hydrolysis is rapid. Neither methyl fluoro- 
acetate nor f-fluoroethanol is affected by dilute 
aqueous hypochlorite solution but use of vigorous 
oxidizing agents such as chromic and sulfuric acids 
results in complete cleavage to carbon dioxide, hydro- 
gen fluoride, and water. Although the fluorine in 
methyl fluoroacetate is remarkably inert it does 
react with thiosulfate. One of the most interesting 


features of methyl fluoroacetate as a poison is its 
similar toxicity by mouth and by injection. This 
fact, coupled with the chemical difficulties of detec- 
tion and decontamination, make it a very serious 
hazard as a water contaminant. 

Water Denial Agents.*9"»5 Several of the com- 
pounds which were tested were found to show 
promise as water contaminants in concentrations of 
1 ppm. The following six are arranged roughly in 
order of decreasing efficacy: quassin, skatol, methyl 
selenofluoroacetate, a mixture of quassin and skatol, 
mustard dimethylthioether, and thiovaleraldehyde. 
Incidental to the above observations it was noted 
that 1,3-butanedithiol had perhaps the most potent 
and disagreeable odor of any of the substances 
tested. Thus, although its susceptibility to oxidation 
precludes its use as a water contaminant, it might 
be worth consideration as an agent for producing a 
masking odor in very small concentration. 


39.4.2 
for Control Purposes in Treatment of 


Analytical Procedures Suitable 


Contaminated Water 


Attention was given to the development of ana- 
lytical procedures suitable for the quantitative 
estimation of (1) chlorine demand,??^28,42,45,49a,58 
(2 the mustards,??54645485, 54,4945 (53) the arseni- 
cals,?:8:19 (4) the fluorine-containing toxics,*% 44 
(5) hydrogen cyanide,*5^? and (6) cyanogen chlo- 
ride.?? In general these methods were based upon 
no new principles, but were adaptations, suitable for 
water analysis, of methods previously described. In 
order to provide for operation under field conditions, 
a kit was developed which included some of these 
methods. The tests for which apparatus and chemicals 
were provided were: (1) the DB-3 test for the 
mustards, (2) the molybdenum blue test for arsenic, 
(3) chlorine demand, (4) cyanide, (5) lead and thal- 
lium, (6) mercury, (7) selenium, (8) chlorides, 
(9) hardness, (10) alkalinity, (11) sulfate, (12) pH, 
and (13) residual chlorine. The last six tests were in- 
cluded at the suggestion of the Engineer Board to 
avoid having separate sets of equipment at the water 
supply points — one for chemical agents and one for 
general purposes. 


394.3 Treatment of Contaminated Water 


In general the procedures advocated *16?°?6 for 
the removal of the more common chemical warfare 
agents, or their hydrolysis or oxidation products, 
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from potable waters were modifications of standard 
water treatment practice in that both chlorination 
and treatment with activated carbon were used. 
Commercially available carbons were evaluated 
with respect to their efficiency in the removal of the 
common chemical warfare agents, or their hydrolytic 
or oxidation products, and considerable data were 
collected relating to the problem of establishing and 
maintaining suitable residual chlorine concentrations 
in contaminated water.* 167076 


DETERMINATION OF VAPOR 
PRESSURE OF CERTAIN CHEMICAL 
WARFARE AGENTS 


39.5 


In order to evaluate properly the potentialities of 
a number of recognized and candidate chemical war- 
fare agents it was necessary to devote considerable 
attention to the accumulation of reliable vapor pres- 
sure data for a large number of compounds. It is not 
necessary to discuss these data here and it will suffice 


MISCELLANEOUS ANALYTICAL STUDIES 


to call attention to the more important investigations 
in this field .2—7:24:37a,b.¢,53,57a,b,c,d 


39.6 DETERMINATION OF MOLECULAR 
STRUCTURE OF CERTAIN CHEMICAL 
WARFARE AGENTS 


In mustard gas, the average of the carbon-sulfur 
and carbon-chlorine bond distances is somewhat 
greater than would be expected from the values found 
in simpler molecules which contain these bonds. 
The chloroethyl sulfur groups in the mustard gas 
molecule have a planar, trans configuration. In the 
molecules of the methyl and ethyl amines, alcohols, 
ethers, mercaptans, sulfides, and chlorides, the bond 
distances and bond angles are all in close or identical 
agreement with the values found in earlier work. It 
is almost certain that dimethyl trisulfide has the 
straight chain structure. The nitrogen trifluoride 
molecule is pyramidal. The higher boiling isomer I 
of lewisite has the trans and the lower boiling isomer 
II has the czs structure.?? 
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Chapter 40 


SYNTHESIS OF COMPOUNDS FOR STUDIES OF LUBRICANTS AND 
HYDRAULIC FLUIDS 


By Jonathan W. Williams 


40.1 INTRODUCTION 


HE WORK DESCRIBED in this chapter was under- 
p taken with the broad objective of discovering 
superior components of hydraulic fluids and lubri- 
cating oils. The participation of Division 9 of the 
National Defense Research Committee [ NDRC ] in 
this program was limited to the preparation of com- 
pounds. All testing to determine the usefulness of the 
compounds was carried out by the Naval Research 
Laboratory. 

The two main aspects of the program were (1) the 
preparation of a number of rare hydrocarbons, acids, 
alcohols, thiols, and esters for use in thin film studies, 
and (2) a study of methods suitable for the synthesis 
of fluorocarbons of interest as ingredients of non- 
inflammable hydraulic fluids and lubricating oils. 

In the first part of the program very pure samples 
of 52 hydrocarbons, 39 acids, 7 alcohols, 2 thiols, and 
18 esters were prepared and turned over to the Naval 
Research Laboratory for testing. All of these sub- 
stances were rare fine chemicals, the preparation of 
which would have taken several years had it been 
undertaken by a small group of chemists in a Service 
laboratory. 

The work on fluorocarbons was in many aspects a 
pioneer search for practical routes to completely 
fluorine-substitutec carbon-skeleton bodies. ‘Two 
methods of considerable promise were devised. The 
simpler of these processes uses cobalt trifluoride as an 
agent for replacement of all hydrogen atoms in hydro- 
carbons by fluorine. Using this scheme a convenient 
pilot plant process has been worked out for the con- 
version of n-heptane to perfluoroheptane. The second 
process involves the polymerization of perfluoro- 
butadiene. A good method of preparation of this 
monomer has been devised, and the polymerization 
to give a number of interesting products has been 
studied. Compounds prepared in the Division 9 pro- 
gram include 22 pure fluorocarbons and 47 miscel- 
laneous fluorinated substances. 

Tests conducted at the Naval Research Labora- 
tory have demonstrated that fluorocarbons in general 
do not meet Navy specifications for hydraulic fluids 


and lubricating oils.’ The compounds have short 
liquidus ranges and poor viscosity indices. The 
chemical stability, particularly the SUN sta- 
bility, was found to be poor. 


MISCELLANEOUS COMPOUNDS 
FOR FILM STUDIES 


40.2 


At the request of the Naval Research Laboratory, 
NDRC undertook the preparation of many organic 
substances of interest in thin fllm studies devoted to 
determining the effect of additives in lubricating oils. 
The substances synthesized include several rare hy- 
drocarbons, acids, alcohols, and esters. The syntheses 
are described in the individual reports! * and the 
compounds made are listed in Tables 1—4. The use of 
many of these substances in the Navy testing pro- 
gram has been reported.!3— 


40.3 FLUOROCARBONS 


Publications in the open literature present claims 
to unusual stability for fluorocarbons.'!7*° The Naval 
Research Laboratory became interested in their 
possible use as noninflammable hydraulic fluids and 
lubricating oils. NDRC initiated a program of ex- 
ploratory research aimed at devising suitable 
methods of synthesis. Compounds prepared as a 
result of these studies are listed in Tables 5-7. 

It was agreed at the outset that six general methods 
of synthesis should be explored: 

1. Reaction of elementary fluorine with carbon. 

2. Replacement of hydrogen in hydrocarbons by 
fluorine. 

3. Replacement of other halogens by fluorine. 

4. Replacement of nitro or amino groups by 
fluorine (in the aromatic series). 

5. Polymerization of small units. 

6. Degradation of high molecular weight fluoro- 
carbons. 


REACTION OF FLUORINE WITH CARBON 


Following leads in the literature,!^!* à study was 
made !! of the reaction of fluorine with carbon. This 
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TaBLE 1. Compounds for thin film studies. 
Hydrocarbons. 


Compound Reference 


Bicyclohexyl 3 

1-Cyclohexyl-3-(4-dodecahydrobiphenyl)butane 

1-Cyclohexyldodecane 

2-Cyclohexyltridecane 

Cyclopentene 

Cyclopentyleyclopentane 

l-a-Decalyl-2-cyclohexylethane 

Diallyl 

1,1-Dicyclohexyldodecane 

1,1-Dicyclohexylethane 

Dicyclopentylmethane 

Diisobutyl 

Diisobutylisoamylmethane 

3,9-Dimethyl-1-butene . 

1,1-Dimethyleyclohexane 

2,5-Dimethyl-7-cyclohexylheptane 

2,6- Dimethyl-4-cyclohexylmethylheptane 

1,1-Dimethylcyclopentane 

1,2-Dimethyleyclopentane 

1,3-Dimethylcyclopentane 

1,2-Dimethyleyclopentene 

1,3-Dimethylcyclopentene 

2,6-Dimethyl-4-(o-decalylmethyl)heptane 

2,11-Dimethyl-5,8-diisoamyldodecane 

2,6-Dimethyloctadecane 

2.4-Dimethyl-2-phenylhexadecane 

Dineopentylethane 

1,1-Diphenyldodecane 

13-Docosen-4-ol 

Dodecane 

Dodecyleyclopentane 

2-Ethyldecahydronaphthalene 

2,4-Hexadiene 

2-Hexene 

Isoamyl-p-t-butyleyclohexane 

1-Isoamyl-3-t-butyleyclopentane 

1-Isoamyl-3,3,5-trimethyleyclohexane 

1-Methyleyclopentene 

2-Methyl-4-isobutylhexadecane 

3-Methylundecane 

2-Octene 

2-Phenyltridecane 

2,6,11,15-Tetramethylhexadecane 

2,6,12,16-Tetramethyl-9-perhydrogeranylheptadecane 

2,6,12,16-Tetramethyl-9-perhydrogeranyl-8-hepta- 
decene 

Tricyclohexylethane 

1,3,5-Triethylbenzene 

1,3,5-Triethyleyclohexane 

2,6,11-Trimethyldodecane 

2,6,11-Trimethyl-9-isobutyldodecane 

Vinyleyclohexane 

1-Vinyl-1-cyclohexene 
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was attempted by passing fluorine over sugar char- 
coal or Norit at elevated temperatures and by 
passing fluorine through a carbon arc. In neither case 
was there a significant yield of anything other than 
CF,. There was, furthermore, a constant explosion 
hazard. This phase of the investigation was aban- 
doned in view of these findings. 


spem 


TABLE 2. Compounds for thin film studies. 
Acids. 


Compound Reference 





a-n- Amyldodecanoic acid 1 
a-n-Amylnonoiec acid 
a-n-Amyltetradecanoic acid 
n-Arachidic acid 

a-n-Butyldecanoic acid 
a-n-Butyldodecanoic acid 
a-n-Butyltridecanoic acid 
a-Cyclobutylmethyldodecanoic acid 
a-Cyclobutylmethyltridecanoic acid 
a-Cyclohexyltridecanoic acid 
a-Cyclopentyldodecanoic acid 
a-Cyclopentyltridecanoic acid 
a-Cyclopropylmethylhexadecanoic acid 
a-Cyclopropylmethyltetradecanoic acid 
1-Dodecanesulfonic acid 
a-Ethylpentadecanoic acid 
a-Ethyltridecanoic acid 
a-n-Heptyldecanoic acid 
a-n-Hexyldodecanoie acid 
a-n-Hexyloctanoic acid 
a-n-Hexylundecanoic acid 
11-Hydroxyoctadecanoic acid 
12-Hydroxyoctadecanoic acid 
13-Hydroxyoctadecanoic acid 
1-Isopropyl-2-methylcyclopentanecarboxylie acid 
4-Ketostearic acid 

12-Ketostearic acid 
a-Methylhexadecanoic acid 
a-Methyltetradecanoic acid 
n-Nonadecanoic acid 

A%:10; 11,12; 13,14_Octadecatrienoic acid 
a-n-Octyldecanoic acid 
8-Pentadecanesulfonic acid 
n-Pentadecanoic acid 
a-n-Propyldodecanoic acid 
a-n-Propylhexadecanoic acid 
a-n-Propyltetradecanoic acid 

Sterolie acid 
1,2,2-Trimethyleyclopentanecarboxylic acid 
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TABLE 3. Compounds for thin film studies. 
Alcohols, glycols, thiols, ete. 


Compound Reference 


Cerotyl alcohol 
Decamethylene glycol 
1-Dodecanethiol 

Eicosyl alcohol 
2-n-Heptyl-1-nonanol 
2-n-Heptyl-1-nonanol 
Octadecamethylene glycol 
Oleyl alcohol 
8-Pentadecanethiol 
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REPLACEMENT OF HYDROGEN BY FLUORINE 


The direct reaction between elementary fluorine 
and various hydrocarbons was tried but abandoned 
because of the inevitably explosive nature of the re- 
action and the formation of tarry products." Search 
for a fluorinating agent of intermediate power led 





FLUOROCARBONS 
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TaBLE 4. Compounds for thin film studies. 
Esters. 
a 


Compound Reference 








n-Amyllaurate 
n-Amyl melissate 
n-Amyl stearate 
n-Decyl acetate 
n-Decyl caproate 
n-Decyl laurate 
n-Decyl melissate 
n-Decyl stearate 
Melissyl acetate 
Melissyl caproate 
Melissyl laurate 
Melissyl melissate 
Melissyl stearate 
Methyl melissate 
n-Octadecyl caproate 
n-Octadecyl laurate 
n-Octadecyl melissate 
n-Octadecyl stearate 
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eventually to the adoption of cobalt trifluoride as the 
agent of choice.! The reaction between a hydro- 
carbon and CoF; usually results in complete fluorina- 
tion under the conditions described below. Typical 
reactions are: 


C;His — 32CoF; —" CrF 16 + 32CoF; + 16HF 
C,H.(CH3;)2 + 20CoF; —> C.F.(CF3)2 + 20CoF: + 10HF 


The cobalt trifluoride may be conveniently re- 


generated: 
2CoF> + F: p» 2CoF; 


Best results have been obtained by à vapor phase 
reaction. The liquid hydrocarbon to be fluorinated 1s 
injected into a vaporizer maintained at a temperature 
about 100 C higher than the boiling point of the 
liquid. The resulting vapor is then swept with 
nitrogen through a reaction tube containing cobalt 
trifluoride, in which a fresh surface is continuously 
exposed by means of slowly revolving paddles. The 
temperature of the reactor is graded from a starting 
point equal to that of the vaporizer, to about 400 C 
at the exit end. The emerging products, hydrogen 
fluoride and the fluorocarbon, are collected in a trap 
and separated as immiscible liquids. Tbe crude 
fluorocarbon constitutes the lower layer. It is drawn 
off, washed with mild caustic solution, and distilled. 

In the cobalt trifluoride procedure, the hydro- 
carbon reactant studied most thoroughly has been 
n-heptane. The recovery of carbon compounds in the 
volatile liquid mixture produced is about 90 per 
cent. This crude reaction mixture has the following 
approximate composition : 
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Perfluoro-n-heptane 75% 
High boiling material 15% 
Perfluoroethyleyclopentane 6% 
Perfluorodimethylcyclopentane 2% 


Perfluoro-n-hexane 1% 
Pure perfluoro-n-heptane is obtained by careful frac- 
tionation. 


REPLACEMENT OF HALOGEN BY FLUORINE 

This exchange has been accomplished by means 
of a variety of fluorinating agents, all of which have 
been described in the open literature.!*?° The prin- 
cipal agents used in the NDRC studies were fluo- 
rine, 7:8 hydrogen fluoride,®!° mercuric fluoride,’:* and 
antimony tri- and pentafluoride.’:®!° Replacement of 
all chlorine atoms in chlorocarbons to obtain fluoro- 
carbons was found impossible by any procedure 
tested. Thus when perchlorocyclopentene is treated | 
exhaustively with SbF;, the major product is per- 
fluoro-1,2-dichloro-1-cyclopentene, and no completely 
fluorinated product is obtained.° 

Experiments designed to produce fluorocarbons 
from hydrocarbons by alternate chlorinations and 
fluorinations proved to be too elaborate to be prac- 
tical and were abandoned.® Octane is easily chlorin- 
ated to CsHioCls, but replacement of these chlo- 
rine atoms by fluorine proved to be very difficult 
under the conditions tried. In view of the success 
attained in direct fluorination, these experiments 
were discontinued. 


REPLACEMENT OF NITRO OR AMINO GROUP BY 
FLUORINE 


This type of replacement reaction has been found 
to provide the most convenient tool for the introduc- 
tion of fluorine into an aromatic nucleus. The scheme 
used has been studied extensively by Schiemann *?! 
and is commonly referred to by his name: 

ArNO; 4- 6 |H| —e ArNH; -- 2H;0 

ArNH, + HONO + HCl —39- ArN;CI 4- 2H;O 
ArN.Cl + BF] —> ArN3BF, + CI 

ArN;BF, —> ArF + Nz + BF: 

The goal of one phase of the Division 9 program 
was the preparation of an aromatic fluorocarbon con- 
taining only carbon and fluorine and retaining the 
aromatic system of conjugated unsaturation. This 
goal was not attained. Specifically, it was hoped to 
prepare perfluoromesitylene. In this study, fluorine 
atoms were attached to the open positions in the 
benzene ring (the 2, 4, and 6 positions) by successive 
Schiemann reactions. It was planned to replace all 
the side-chain hydrogen atoms by chlorine, and then 
substitute fluorine for the chlorine. It was found, how- 
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ever, that only six chlorine atoms (two per methyl 
group) could be introduced with ease. An attempt to 
replace these chlorine atoms by fluorine using HF 
was unsuccessful. 


POLYMERIZATION OF SMALL UNITS 


Inasmuch as various fluoro-chloro-substituted 
ethylenes were commercially available, and since 
they provide simple hydrogen-free starting materials, 
studies were initiated on their polymerization. Be- 
cause of the wealth of information available on the 
polymerization of butadiene and related dienes, the 
main emphasis in this part of the program was 
placed on a study of perfluorobutadiene.!? 

The diene is most conveniently synthesized by 
starting with trifluorochloroethylene. Pyrolysis at 
550—560 C results in dimerization to give a mixture: 

2CF;—CFCIl —2 CF;CI—CFCI—CF-—CF; 


CF,—CFCI—CFCI—CF, 
and | 


The open chain compound, CEF;CI—CFCI—CF 
— CF;, is the major component of the reaction mix- 
ture. When the unpurified mixture is chlorinated in 
sunlight, the cyclic component is unaffected while 
chlorine adds to the double bond of the olefin giving 
perfluoro-1,2,3,4-tetrachlorobutane. The reaction 
mixture then consists principally of perfluoro-1,2,3,4- 
tetrachlorobutane mixed with some perfluoro-1,2,-di- 
chlorocyclobutane. The latter substance is removed 
by distillation and the residue is dechlorinated by 
refluxing with zinc in the presence of butyl carbitol. 
CF,CI—CFCI—CFCI—CE;CI + 2Z%n —> 
CF,.—CF—CF-CF, + 2Z2nCl 


An alternate but somewhat less satisfactory route 
to perfluorobutadiene starts with  sym-difluoro- 
dichloroethylene.? At —78 C fluorine reacts with 
this substance to produce a saturated dimer which 1s 
perfluoro-1,2,3,4-tetrachlorobutane: 


2CFCI—CFCI 4- F; —2» CF;CI—CFCI—CFCI—CF;CI 


Unfortunately the reaction is not clear-cut and the 
yield of desired product is rather low. Treatment with 
zinc may be carried out as described in the preceding 
paragraph. 

The polymerization of perfluorobutadiene has been 
accomplished by three differing procedures. (1) Under 
the influence of heat alone, polymeric mixtures are 
formed, from which a dimer and a trimer have been 
isolated but not completely identified. (2) Similar 
results are obtained when perfluorobutadiene is 
subjected to the catalytic influence of benzoyl per- 
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oxide. (3) The effect of fluorine:at low temperatures 
(approximately —78 C) is to induce dimerization 
with some fluorination. As the temperature is raised, 
the course of the reaction shifts toward saturation 
without polymerization. 


DEGRADATION OF HigH MOLECULAR WEIGHT 
FLUOROCARBONS 
TABLE 5. Fluoroearbons. 


Compound Reference 
Perfluoro-1,3-butadiene 10 
Perfluoro-n-butane 11 
Perfluoro-1-butene 10 
Perfluoro-2-butene 7 
Perfluoro-cyclobutane 10 
Perfluoro-cyclobutene 10 
Perfluoro-2,3-dimethylbutane 10 
Perfluoro-2,3-dimethyl-2-butene 10 
Perfluoro-m-dimethyleyclohexane 11 
Perfluoro-o-dimethyleyclohexane 11 
Perfluoro-p-dimethyleyclohexane 11 
Perfluorodimethyleyclopentane 11 
Perfluoroethyleyclopentane 11 
Perfluoro-n-heptane 11 
Perfluoro-hexahydroindane 11 
Perfluoromethyleyclohexane 11 
Perfluoropropene T 
Perfluoro-1 3,5-trimethyleyclohexane 11 
CsFi2 10 
Crk is 10 
Cic F4 10 
CF30 10 


TaBLE 6. Fluorochlorocarbons, fluorobromocarbons, and 
fluorochlorobromocarbons. 


Compound Reference 
Perchloro-1,4-difluorobutane 10 
Perfluoro-2-chloro-1,2-dibromopropane 10 
Perfluoro-2,3-bis(2-chloroethyl)-1,4-dichlorobutane 10 
Perfluoro-2-chloropropane 10 
Perfluoro-2-chloropropene 8 
Perfluoro-2,3-dibromobutane 10 
Perfluoro-1,2-dibromopropane 10 
Perfluoro-2,3-dichloro-1,3-butadiene 10 
Perfluoro-1,4-dichlorobutane 10 
Perfluoro-2,3-dichlorobutane 10 
Perfluoro-1,4-dichloro-2-butene 10 
Perfluoro-3,4-dichloro-1-butene 10 
Perfluoro-1,2-dichlorocyclobutane 10 
Perfluoro-1,2-dichloro-1-cyclopentene 8 
Perfluoro-1,2-dichloro-3,4-dibromobutane 10 
Perfluoro-1,2-dichloropropane 8 
Perfluoro-3,3-dichloro-1-propene 10 
Perfluoro-2,3-dimethyl-2,3-dichlorobutane 10 
Perfluoro-1,2,3,4-tetrachlorobutane 10 
Perfluoro-1,2,2-trichloropropane 8, 10 
1,3,5-Trifluoro-2,4,6-trichlorobenzene 9 
2,4,6- Trifluoro-1,3,5-tris(trichloromethyl)benzene 9 
C,4F;Cl; 10 
C4F 4Cl; 10 
C;F;Cl; 10 
CeFsCle 10 
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Although this item was on the original program, 
no work was done after receipt of a report from an 
industrial laboratory stating that the principal 
products of the thermal decomposition of polytetra- 
fluoroethylene are perfluorocyclobutane and perfluoro- 
cyclopropane. These substances did not appear to be 
likely candidates for further synthetic work. 

The fluorocarbons tested by the Naval Research Lab- 
oratory have not proved to be of interest as hydraulic 
fluid candidates. They were shown to have poor vis- 
cosity indices and short liquidus ranges, and to be 
chemically less stable than was anticipated. 


TABLE 7. Fluorohydrocarbons and fluorochlorohydro- 








carbons. 

Compound Reference 
1,1-Difluoro-1-butene 8 
2,4-Difluoro-6-iodomesitylene 9 
2,4-Difluoromesitylene 9 
1.1-Difluoro-1-propene 8 
1,2,4,5-Tetrafluorobenzene 9 
2,2,8,8-Tetrafluorononane 8 
1,1,1-Trifluorobutane 8 
2,4,6-Trifluoro-1,3,5-tris( dichloromethyl)benzene 9 
2,4,6-Trifluoromesitylene 9 
1,1,1-Trifluoropropane 8 


FLUORINATED OXYGEN 
COMPOUNDS 


As a side line to the study of fluorocarbons, infor- 
mation was obtained on the preparation and proper- 
ties of several fluorinated oxygen compounds of 
interest. The compounds are listed in Table 8. 
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TABLE 8. Fluorinated oxygen compounds. 


Compound Reference 


Difluoroacetic acid 

2 4-Difluoro-6-acetylmesitylene 
2,4-Difluoro-6-tribromoacetylmesitylene 
2 4- Difluoro-6-trichloroacetylmesitylene 
Ethyl y,y-difluoroacetoacetate 

Ethyl y,y,y-trifluoroacetoacetate 
2,2,3,3,4,4-Hexafluoroglutaric acid 
Trifluoroacetic acid 
1,1,1-Trifluoroacetone 
2-Trifluoroacetylmesitylene 
1,1,1-Trifluoro-2,4-pentanedione 
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TRIFLUOROACETIC ACID 


A practical synthesis for this substance has been 
worked out using readily available materials.’ The 
following steps are involved: 


AlCls 
1. CHCl, + CCl.—CCls eae CHCHLCCHhCCIl; 


C;H;OH 
2. CHCLCCICCls NaOH =———— 


CClL—=CCICCl; + NaCl + H:0 
3. CCl=—=CCICCI; + SbF; —> CCl—CCICFs3 + SbCl 


4. 3CClL—CCICF; + 4KMnO, + 14KOH —> 


Yields in the four steps are 95, 90, 85, and 85 per 
cent, respectively. 


DIFLUOROACETIC ACID 


This substance may be prepared in a manner 
analogous to that used for trifluoroacetic acid.’ The 
substance to be oxidized is CHF,CH =CCh. 


HEXAFLUOROGLUTARIC ACID 


This substance has been prepared by permanganate 
oxidation of perfluoro-1 ,2,-dichloro-1-cyclopentene. ’ 


ETHYL y,y,Y-TRIFLUOROACETOACETATE 


This ester has been produced by condensation of 
ethyl trifluoroacetate with ethyl acetate. The 
product forms metal chelate compounds, such as the 
copper derivative, which are easy to prepare and 
hydrolytically rather stable, and which exhibit ap- 
preciable vapor tension. 


ETHYL 'y,y-DIFLUOROACETOACETATE 


This compound has been prepared by condensation 
of ethyl difluoroacetate with ethyl acetate.* Its 
properties and reactions are similar to those of the 
trifluoro compound. 


1,1,1-TRIFLUORO-2,4-PENTANEDIONE 


This fluorinated acetylacetone has been prepared 
by condensing ethyl trifluoroacetate with acetone.* 
Its copper chelate derivative has been found to be 
very stable and to have a higher vapor pressure than 
the corresponding nonfluorinated compound. 
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SPECIAL FUELS FOR PROPULSION 
By Charles J. Mighton and Jonathan W. Williams 


INTRODUCTION 


T ITS PROGRAM on special fuels for propulsion, Di- 


41.1 


vision 9 was concerned with three different as- 
peets of the general problem: (1) selection and testing 
of chemicals suitable for use as hydropulse fuels; 
(2) selection and testing of chemicals as candidate 
additives to improve the efficiency of gasoline in an 
aeropulse motor of the V-1 buzz-bomb type; and (3)a 
study of the process developed in Germany for the 
production of hydrogen peroxide from 2-ethylanthra- 
quinone by successive hydrogenation and oxidation. 

Among the compounds examined in the search for 
sultable hydropulse fuels, the performance of alu- 
minum borohydride is most nearly in line with the 
specifications set up. This compound is far from ideal 
for the purpose as it is quite difficult to prepare, 
hazardous to handle, and unstable in storage, par- 
ticularly under tropical conditions. Several other 
compounds are suggested for limited application and 
test usages. Among these are lithium hydride, lithium 
borohydride, and ethylaluminum sesquihydride. 

Tests carried out in a V-1 aeropulse motor on adju- 
vants to increase the thrust obtained with gasoline 
failed to uncover any promising leads. The com- 
pounds studied included spontaneously inflammable 
materials and agents to lower or raise the octane or 
cetane rating of the gasoline. 

A study of the preparation of hydrogen peroxide 
by successive hydrogenation and oxidation treat- 
ments of 2-ethylanthraquinone showed that quanti- 
tative yields of hydrogen peroxide are obtained and 
that the process may be repeated many times with 
no significant decrease in yield. By the use of a 
tetrahydro-2-ethylanthraquinone, it has been found 
possible to double the yield of hydrogen peroxide 
per cycle as compared to the 2-ethylanthraquinone 
process. 


41.2 HYDROPULSE FUELS 


The possibility of propulsion of devices such as tor- 
pedoes by means of the thrust obtained from an 
underwater gas jet was first given serious consider- 
ation in the British Admiralty Research Laboratory 
in 1938.18 The idea received impetus in this country 
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in 1943-1944 when Dr. F. Zwicky !? suggested to per- 
sonnel of the Naval Bureau of Aeronauties that 
underwater propulsion by the gas-jet scheme might 
be made practical if suitable chemicals could be pro- 
vided which would react vigorously with water to 
generate a large volume of gas and a large amount of 
heat. Chemicals of this type might be utilized in de- 
vices designated as the hydroduct and hydropulse, 
in which the chemical compound is injected into a 
stream of water flowing through a duct. In the hydro- 
pulse fuel problem, chemicals have been selected for 
study largely on the basis of calculated specifications 
outlined by Dr. Zwicky.!? The specifications indicated 
a need for complete reaction of the fuel with water 
at 25 C in 0.01 second or less and an evolution of at 
least 3,000 ml of gas, preferably hydrogen, per 
gram, and 5 Cal/g. Theoretical studies of the possi- 
bilities of the hydropulse have been made by two 
Office of Scientific Research and Development 
[ OSRD |] groups outside of Division 9.?.!? 

Among various compounds investigated as fuels 
for hydropulse devices, lithium hydride, aluminum 
borohydride, lithium borohydride, and ethylalu- 
minum sesquihydride appear most suitable on the 
basis of laboratory tests. For a direct hydropulse, in 
which the fuel is injected into water, aluminum boro- 
hydride appears to be the best potential candidate 
since it is a liquid and reacts with water at 25 C in 
0.006-0.015 second to liberate about 2,900 ml of 
hydrogen per gram (77 per cent of the theory). 
However, this compound is rather difficult to prepare 
and it presents problems in regard to instability on 
storage, particularly at elevated temperatures. A 
liquid product, believed to consist largely of ethyl- 
aluminum sesquihydride, has reacted with water in 
less than 0.01 second to liberate up to 754 ml of gas 
per gram. Although deficient in gas production, the 
latter candidate is obtainable from readily available 
materials and in view of its high rate of reaction 
would appear to merit consideration as a fuel for 
testing the hydropulse principle. 

Lithium hydride and lithium borohydride, both of 
which are solids, react too slowly with water at 25 C 
to be of interest as fuels for a direct hydropulse, but 
they are believed to warrant testing in an "inverted" 
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hydropulse in which water is injected onto the chem- 
ical, with eonsequent higher reaction temperature 
and reaction rate. Possibilities of other water-reac- 
tive solids, such as sodium and calcium hydrides, 
lithium silicide, and certain beryllium compounds, 
have also been considered. 


41.2.1 Lithium Hydride 


In view of its availability and high theoretical 
specific gas production (2,820 ml/g), lithium hydride 
has received particular attention in the search for 
suitable hydropulse fuels.2 The results of laboratory 
tests suggest that the chief problem in connection 
with the use of this candidate concerns development 
of suitable techniques for handling and injecting it 
as a very finely divided powder. Lithium hydride 
would appear to be an excellent candidate fuel for 
test in the “inverted” hydropulse where, instead of 
injecting the chemical into water, water 1s injected 
onto the chemical with consequent higher reaction 
temperature and reaction rate. 

Commercial lithium hydride of about 97 per cent 
purity was found to liberate 3.7 Cal/g on reaction 
with water, and after micronizing to an average par- 
ticle diameter of 4 u reacted completely in 0.05 
second to evolve 2,600 ml of hydrogen per gram. 
Material of 17 u average particle diameter reacted 
in 0.10 second. Studies of lithium hydride powder 
containing various organic and inorganic compounds, 
including acids, anhydrides, oxidizing and reducing 
agents, and other metal hydrides, failed to uncover 
effective activators to increase the reaction rate.’ 

Attempts to develop satisfactory lithium hydride 
pellet and paste compositions which might be in- 
jected more easily than powders have been unsuc- 
cessful.2 The smallest (14x 1¢ in.) pellets of 4- to 
17-u lithium hydride powders which were sufficiently 
compact for handling required from 2-5 seconds to 
react completely with water. Certain diluents, such 
as calcium hydride and citric acid in 25-50 per cent 
concentration, improved the rate of reaction, but 1n 
no case was the evolution of hydrogen complete in 
less than 1.5 seconds. To obtain free flowing pastes of 
lithium hydride powders, about 40-60 per cent of 
inert liquid diluents, such as amines, ketones, or 
ethers, was required, all of which greatly decreased 
the reaction rate. The best paste composition required 
at least 0.3 second for complete reaction with water; 
it gave only about 1,600 ml of hydrogen per gram and 
showed poor stability on storage. 


41.2.2 


Aluminum borohydride is an outstanding fuel 
candidate on the basis of rate of reaction and specific 
gas production with water.??18 This material has an 
added advantage over many of the materials evalu- 
ated because it is a liquid, and would, therefore, 
probably be less difficult to inject. However, the 
compound is rather difficult to prepare and it pre- 
sents problems which have yet to be solved in regard 
to instability on storage, particularly at elevated 
temperatures. | 

Liquid or vapor samples (0.02-0.1 g) of aluminum 
borohydride react with water at 25 C in 0.006-0.015 
second to liberate about 2,900 ml of hydrogen per 
eram, or 77 per cent of the theoretical amount 
(3,760 ml/g). Analyses indicate that at least 99 per 
cent of the gas evolved is hydrogen. The heat of re- 
action has not yet been determined with certainty, 
but preliminary studies * have indicated AH = 2-3 
Cal/g. The heat of combustion has been shown to be 
approximately 13.8 Cal/g.* 

Although the hydrogen evolution in the aluminum 
borohydride/water reaction is affected by tempera- 
ture, as evidenced by an increase from about 72 per 
cent of the theory at 1 C to over 90 per cent at 95 C, 
the rate of reaction is not substantially changed.? 
Other investigations have shown that the pH of the 
water may determine the course of the reaction and, 
therefore, the specifie gas production. Thus, with 
water at a pH of 1.9 (0.1 M phosphoric acid), sub- 
stantially complete hydrogen evolution is obtained 
at 25 C, whereas under neutral or highly alkaline 
conditions the gas production was considerably 
less. 

To assist in determining the utility of aluminum 
borohydride as a fuel for the more conventional self- 
contained jet motors, such as those employed for 
assisted take-off of planes, equivalent amounts of this 
candidate and water in the vapor phase have been 
reacted at elevated temperatures. These tests, 
carried out with 0.01-0.03 g of aluminum borohydride 
at 85-110 C, showed that the gas evolution was 
nearly quantitative in reaction periods of 0.012-0.015 
second. Although the results suggest that this fuel 
combination would probably be satisfactory, calcu- 
lations made on the basis of preliminary heat of re- 
action data (AH = 2-3 Cal/g) fail to indicate any 
marked superiority over nitromethane or gasoline 
and oxygen. 

Aluminum borohydride was originally prepared by 
the reaction of diborane with trimethylaluminum * 


Aluminum Borohydride 
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AL(CH;) 4- 4BH, — 2B(CH3); 4- 2AI( BH4)s 


At the present time the most convenient process for 
preparation of this material consists of a metathetical 
reaction between sodium or lithium borohydride and 
aluminum chloride or bromide +8 


3sNaBH, + AICI]; — > Al(BH,); + 3NaCl 


Dry nitrogen is passed over a 7/1 mixture of alumi- 
num chloride and sodium borohydride at 110-130 C. 
The relatively volatile aluminum borohydride is 
entrained and obtained in good purity in 80 per cent 
yield. 

In attempts to synthesize aluminum borohydride 
by new routes, attention has been given to hydro- 
genation of triethylaluminum/triethylboron mix- 
tures.* The only products obtained were unidentified, 
water-reactive solids formed at about 200 C. These 
solids, from which no aluminum borohydride could 
be isolated, are believed to have been produced as a 
result of the transitory formation and subsequent 
thermal decomposition of the desired product. With 
the exception of palladium-on-charcoal at 150 C or a 
ruthenium catalyst at 180 C, standard hydrogenation 
catalysts were inactive. No hydrogenation resulted at 
lower temperatures. 

Attempts to prepare aluminum borohydride from 
methyl borate, aluminum chloride, and sodium hy- 
dride have also been unsuccessful. No evidence has 
been obtained for the formation of aluminum boro- 
hydride in attempted hydrogenations of aluminum, 
aluminum amalgam, aluminum chloride, or lithium- 
aluminum alloy in the presence of triethylboron, or 
of aluminum halide/sodium fluoborate mixtures with 
or without a halogen acid acceptor such as sodium 
hydride. 

Stability studies with aluminum borohydride 
served to support the theory of transitory formation 
of this material in certain of the above hydrogenation 
experiments. For example, when 0.050- to 0.616-g 
samples were pressured with hydrogen or nitrogen in 
a stainless steel bomb or in silver or chrome vanadium 
hydrogenation tubes at 150 C, substantially complete 
decomposition occurred in 2 hours. Solid decomposi- 
tion products similar to those produced on hydro- 
genating triethylaluminum/triethylboron mixtures 
were obtained. 


Lithium Borohydride 


Lithium borohydride is a white, hygroscopic solid 
which theoretically evolves 4,120 ml of hydrogen per 
gram on complete hydrolysis. Tests on this candidate 
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showed it to react very slowly and incompletely with 
water at 25 C, and it appears, therefore, to be of 
little interest for use as a direct hydropulse fuel.?.!5 

Samples of high purity were found to require more 
than 10 seconds to generate about 5 per cent of the 
theoretical hydrogen with a large excess of water at 
ordinary temperatures.? Complete reaction, with a 
heat evolution of 3.3 Cal/g, was realized in dilute 
solutions only by maintaining a pH of 7 or lower. 
Among approximately 60 organic and inorganic ma- 
terials tested as activators to promote faster and 
more complete reaction, only salts of palladium, 
cobalt, and nickel were found to be effective. How- 
ever, even in 50 per cent concentration these ma- 
terials failed to promote complete hydrogen evolution 
in less than 10 seconds at 25 C. Further tests demon- 
strated, on the other hand, that lithium borohydride 
reacts in about 0.05 second with an equivalent 
amount of water vapor at 107 C to evolve 3,500 ml 
of hydrogen per gram or 85 per cent of the theoretical 
amount. On this basis, it is believed that this candi- 
date should merit further consideration as a fuel for 
use in "inverted" hydropulse or aeropulse-type jet 
motors which are designed to operate at high tem- 
peratures. 

Lithium borohydride was first prepared by the re- 
action of ethyllithium with diborane.? The yield was 
low and the experimental technique was cumbersome. 
several improved procedures have been worked out. 
Sodium borohydride, which 1s rather easily prepared 
from sodium hydride and trimethyl borate by re- 
action at 260 C, 


4NaH + B(OCH;); —> NaBH, + 3NaOCH; 


may be used in a metathetical reaction with lithium 
chloride in anhydrous isopropylamine, 


togive a good yield of rather pure lithium borohydride. 
The desired product may also be obtained by the 
reaction of diborane with either lithium hydride “18 
or lithium ethylate: 1% 
2LiH + BH; — 2LiBH, 
3LiOC;H; 4- 2B;H, — 3LiBH , 4- B(OC;H;)s 


A new synthesis of lithium borohydride has been 
uncovered which involves the hydrogenation of 
lithium hydride/triethylboron mixtures in cyclo- 
hexane. In small scale experiments, lithium boro- 
hydride having a specific gas production of 3,900 
ml/g in dilute acid (corresponding to 94.7 per cent 
purity) has been isolated in about 58 per cent yield 
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from the crude reaction product by ether extraction. 
Further ether extractions yielded material of 97—98 
per cent purity. The best results in a limited study of 
variables affecting this reaction have been obtained 
by conducting the hydrogenation at 240 C under a 
hydrogen pressure of about 3,000 psi. Preliminary 
experiments have indicated that the reaction is of 
general applicability and that the free metal may be 
employed in place of the alkali metal hydride. Thus 
sodium borohydride was obtained in good yield by 
hydrogenating triethylboronin the presence of sodium 
or sodium hydride. There is some evidence that 
calcium borohydride can be prepared by this method. 

Attempts to prepare lithium borohydride by the 
reaction of alkyl borates with lithium hydride at 
elevated temperatures have indicated that some of 
the desired compound is obtained by this method, 
but the formation of large amounts of lithium alk- 
oxides makes separation and purification of the 
product diffieult.| In experiments carried out in 
refluxing Decalin (bp 190 C), lithium borohydride 
having a specifie gas production of 2,155 ml/g was 
isolated. No lithium borohydride was obtained in 
attempts to hydrogenate alkyl borate/lithium hy- 
dride mixtures in cyclohexane at 240C under a 
hydrogen pressure of 3,000 psi. 

A careful study of the heat of combustion of 
lithium borohydride resulted in the acceptance of the 
value of 13,210 + 30 cal/g.° 


41.2.4 


In the course of preparing triethylaluminum for 
test as a gasoline adjuvant, alkylaluminum halides, 
obtained readily from aluminum and alkyl halides, 
were found to react with lithium or sodium hydride 
to give extremely water-reactive alkylaluminum 
hydrides.: Studies have indicated that ethyl- 
aluminum sesquihydride, C:H;A1H2:(C2H5)AlH, 1s 
the preferred candidate in this new class of com- 
pounds since it is a mobile liquid and reacts sufh- 
ciently fast with water. It will be noted, however, 
that none of the alkylaluminum hydrides meets the 
tentative specification requiring a gas evolution of 
3,000 ml/g. However, they should be of value for 
testing the hydropulse principle. 

When ethylaluminum sesquibromide, C;H ;AlBr»: 
(C.H;)2AlBr, was treated with lithium hydride in 
“isooctane” at 80-90 C, a spontaneously inflam- 
mable, mobile liquid was obtained in 71 per cent 
yield after removing the lithium bromide and evapo- 
rating the hydrocarbon solvent under vacuum.*° 


Alkylaluminum Hydrides 


Small samples of this liquid product, believed to be 
predominantly ethylaluminum sesquihydride but not 
completely identified as such, reacted with water at 
25 C in about 0.005 second and liberated 754 ml of 
gas per gram, compared to 933 ml per gram theory 
for the pure compound. Analyses of the gas evolved 
in one case showed an ethane-hydrogen ratio of 
approximately 60/40. Reaction of ethylaluminum 
sesquichloride with lithium hydride in diethyl ether 
at 35 C gave substantially the same results although 
the liquid product obtained in this case was some- 
what cloudy even after filtering. The reaction of 
ethylaluminum sesquichloride failed to proceed satis- 
factorily in ether when sodium hydride was used in 
place of lithium hydride. 

Since methylaluminum hydrides would prove con- 
siderably more efficient as fuels because of higher 
specific gas productions with water, particular atten- 
tion has been given to possibilities of methylaluminum 
dihydride and methylaluminum  sesquihydride.* ? 
The products obtained on reacting the corresponding 
methylaluminum chlorides with lithium or sodium 
hydride have been found to vary considerably in 
their properties, however, depending on whether the 
preparation was carried out in hydrocarbons, such as 
n-hexane, or in ether. For example, reaction of 
methylaluminum dichloride (CH;AICl,) with sodium 
hydride in n-hexane at 80-90 C has yielded viscous, 
spontaneously inflammable liquids which reacted 
with water in about 0.025 second to liberate up to 
1,040 ml of gas per gram, compared to 1,520 ml 
theory for methylaluminum dihydride. Analyses of 
the gases evolved have shown a higher methane- 
hydrogen ratio than expected from the desired 
product (1.2/1 versus 1/2), indicating that more 
highly methylated derivatives are formed during 
some stage of the reaction, possibly through dispro- 
portionation. On the other hand, reaction of methyl- 
aluminum dichloride with lithium hydride in the 
presence of ether has given an ether-soluble, halogen- 
free, white solid as the principal product. The identity 
of this solid has not been established, but it is be- 
lieved to be methylaluminum dihydride contami- 
nated possibly with ether and complex materials of 
the type LiAl(CH3),H4_». It is insoluble in n-hexane, 
contains some combined lithium, ignites spon- 
taneously in air, and reacts vigorously with water to 
evolve 1,250 ml of gas per gram. Analyses of the gas 
evolved showed a hydrogen—methane ratio of 4.6/1. 
Methylaluminum sesquichloride with sodium hy- 
dride in n-hexane at 90-100 C gave mobile liquids 
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which reacted with water in about 0.016 second to 
liberate up to 930 ml of gas per gram.* The reaction 
in ether at 35 C using lithium hydride in place of 
sodium hydride, gave a highly viscous liquid from 
which a gray-white solid deposited on standing. Al- 
though not positively identified, this solid appears to 
consist mainly of lithium aluminum hydride, LiAlH,, 
a compound previously prepared by Schlesinger.'® It 
was found to contain considerable combined lithium 
in addition to aluminum, hydrogen, and a small 
amount of carbon; on reaction with water it liberated 
2,015 ml of gas per gram consisting of about 98 per 
cent hydrogen (2,358 ml/g theory for LiAlH,). The 
liquid product, from which the solid was removed, 
gave only 660 ml of gas per gram and deposited 
additional water-reactive solids on standing at ordi- 
nary or elevated temperatures. 

It appears from the above results that the reaction 
of methylaluminum dichloride and particularly of 
methylaluminum sesquichloride with lithium hydride 
results in a complexity of products, the individual 
components of which are difficult to isolate.*~> In 
any event, these studies have shown that liquid alkyl- 
aluminum hydrides can be obtained which react 
sufficiently fast with water to meet the tentative 
specification for a hydropulse fuel. The gas produc- 
tion (700—1,000 ml/g) of these novel candidates falls 
short of the value desired but it is believed that 
compounds of this type merit further investigation. 


41.2.5 


Preliminary tests of beryllium borohydride !% indi- 
cate that this compound would be outstanding as a 
hydropulse fuel if practical methods of preparation 
and suitable techniques for injecting the solid into 
water could be developed.® In reaction rate studies, 
0.07-g samples of beryllium borohydride appeared 
to react with water at 25 C in 0.010-0.015 second to 
liberate 4,060 ml of hydrogen per gram, or 87 per 
cent of the theory (4,630 ml/g). 

Small samples of the mobile liquid, diethylberyl- 
lium, prepared from ethylmagnesium bromide and 
beryllium chloride, hydrolyzed completely in 0.020 
second with excess water at 25 C to liberate 820 ml 
of the gas per gram, compared to 668 ml/g theory.5 
Analyses showed the gas evolved to consist of ap- 
proximately 17-28 per cent hydrogen, 41—55 per 
cent ethane, and 23-27 per cent unsaturated hydro- 
carbon. 

Attempts to prepare beryllium hydride by hydro- 
genation of diethylberyllium under 3,000 psi pres- 


Beryllium Compounds 
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sure have given a solid product believed to consist 
largely of ethylberyllium hydride.*> This material 
reacted with dilute acid to liberate 1,340 ml of gas 
per gram, compared to 1,150 ml/g for ethylberyl- 
lium hydride. 


41.2.6 


Finely ground lithium silicide (LigSig), calcium hy- 
dride, and sodium hydride powders have been found 
inherently more reactive with water than lithium 
hydride but are considerably less efficient fuel candi- 
dates on the basis of hydrogen evolution. For 
example, calcium hydride of 6-u particle diameter 
reacted completely with water in 0.03 second to 
evolve 970 ml of hydrogen per gram. Pellets (44 
x lg in.) of the powder required only 0.20 second 
compared to 2—5 seconds for similar lithium hydride 
pellets. Lithium silicide and sodium hydride reacted 
as powders in 0.01—0.03 second but as pellets in 2—4 
seconds, respectively. These materials, though of less 
interest than lithium hydride as fuels for hydropulse 
devices, may have potential value where the quantity 
of chemical required to develop a high momentary 
thrust is not especially important. 

Diborane with water or 0.1 M phosphoric acid 
evolved 4,260 ml and 4,600 ml of hydrogen per gram, 
representing 88 per cent and 96 per cent of the theo- 
retical amount (4,850 ml/g) at 25 and 95 C, re- 
spectively, but the reaction required many seconds. 
In view of the slow rate of reaction and questionable 
stability of diborane on storage, this candidate has 
not appeared suitable as a hydropulse fuel. The 
synthesis of diborane has been studied by several 
groups. It may be prepared conveniently by the 
reaction of boron trifluoride etherate with such com- 
pounds as lithium hydride “ or sodium borohydride.'® 

6LiH + 2BF;-(C2H;),s0 —> B.H, + 6LiF + 2(C,Hs).0 


3NaBH, + 4BF;-(C;H;)O0 —P( 
2B.H; + 3NaBF,; E 4( CH ;);O 


Miscellaneous Compounds 


41.2.7 Test Methods 


An important phase of the work on hydropulse 
fuels has been concerned with the development of 
laboratory methods for evaluating candidates on the 
basis of tentative specifications for gas evolution, heat 
evolution and rate of reaction with water. For rate 
studies, special reaction bombs were devised in which 
small samples of compounds in either solid, liquid, 
or vapor states could be tested; the time required for 
complete reaction with water was obtained from an 
oscilloscope record of the pressure surge picked up by 
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TABLE 1. Hydropulse Fuels. 
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Specific gas production Heat of 
Physical (ml/g) in dist. H:O hydrolysis 
state at 25 C Reaction rate in seconds at 25 C Refer- 
Candidate at 25 C Found Theory in dist. H;O at 25 C (Cal/g) ence 
BHs Gas 4,260 4,850 > 50 (0.01 g) " 1 
Be(BH.4) Solid 4,060 4,630 0.01—0.015 (0.07 g) Ge 5 
LiBH, (Note tests 2 and Solid (1) at pH =7 4.120 >10 (0.025g) 9.9 1 
3 under acidic condi- 200—400 
tions or at elevated (2)a2t pH — 1.9 4,120 0.30 (0.040 g) d: Ó 
temperature.) 
(3) at 107 C 4,120 0.050 (0.020 g) x, 3 
3,500 
Al(BH4)s3 Liquid 2,900 3,760 0.006 (0.015 g vapor) 2-9 1 
2,900 3,760 0.010—0.015 (0.030 g liquid- A. 3 
vapor) 
3,400 (95 C) 3,760 0.012—0.016 (0.030 g vapor) i D 
LiH (4-u avg. particle Solid 2,600 2,820 0.05 (0.07 g) a 1 
size ) 
LiH pellets (4-4) Solid 2 (0.09 g) 1 
(V$ x Vg in.) Solid 
2,260(pH — 2) 2,370 very slow Ee dh S 
Li;Sis (9.7-u avg. particle Solid 1,360 1,600 0.06 (0.07 g) 4.4 1 
size ) 
CaH; (6-u avg. particle Solid 970 1,070 0.03 (0.07 g) 1.3 (calc) 1 
size) 
NaH (20-» avg. particle Solid 810 930 0.01 (0.07 g) Tel 1 
size) | 
AICH;H;* Liquid 1,040 1,520 0.016—0.025 (0.06 g) 4 
AICH 4H;* Solid 1,250 1,520 i 5 
Al.(C2H5)3H3* Liquid 754 933 0.005 (0.1 g) 4 
Na-K Alloy Liquid AES OOD 0.010 (5095 completion) 1 
(77/23) ca 0.6-1.2 (100% completion) 


* The identity and purity of these candidates has not been definitely established. 
+ The high gas production is due to the formation of ethylene and hydrogen during hydrolysis. 


simple wire strain gauges of the Baldwin-Southwark 
type. A modified gas burette was employed for 
measuring specific gas productions, and an adiabatic 
Dewar calorimeter for heats of reaction.’ 

Data obtained in laboratory tests of the various 
hydropulse fuels discussed above and references to 
previous reports in which experimental details will 
be found are given in Table 1. 


GASOLINE ADJUVANTS FOR 
AEROPULSE MOTORS 


41.3 


In efforts to improve the efficiency of gasoline as a 
fuel for aeropulse motors,!* emphasis has been placed 
on testing gasoline containing small amounts of 
various agents for improvement of thrust and specific 
impulse. Spontaneously inflammable materials, and 
agents of known value in raising or lowering cetane 
or octane ratings of gasoline have received major 
attention. 


The tests carried out failed to uncover any promis- 
ing leads on adjuvants to increase the thrust or 
specific impulse obtained with 62 octane gasoline in 
a, standard aeropulse motor of the V-1 buzz-bomb 
type. The selection of compounds for study as 
additives was guided by the premise that more rapid 
combustion, possibly approaching constant volume 
burning, would be desirable, and that this might be 
obtained by the use of small amounts of (1) spon- 
taneously inflammable materials or (2) agents to 
lower or raise the cetane or octane rating of the 
gasoline. 

Spontaneously inflammable compounds in 2-13 
per cent concentration with gasoline, such as butyl- 
lithium, triethylaluminum, triethylboron or mixed 
methylaluminum hydrides, gave either no improve- 
ment or inferior results.® In preliminary tests, 5 per 
cent of butyllithium with gasoline gave a specific 1m- 
pulse about 15 per cent higher than that of the 
control. However, further experiments with this fuel 
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combination in a motor with improved valves and a 
more accurate rotameter failed to confirm the ad- 
vantage. 

Cetane, when used alone as the fuel, in one test 
gave a 15 per cent increase over gasoline in specific 
impulse, but otherwise no correlation between octane 
and cetane numbers of different hydrocarbon fuels 
and their performance in jet motors was observed.? 
No advantage was gained by adding 5-25 per cent 
of typical diesel fuel accelerators or antiknock agents 
to gasoline, such as s-amyl nitrate, di-tertiary butyl 
peroxide, nitromethane, and tetraethyl lead. 


PREPARATION OF HYDROGEN 
PEROXIDE 


41.4 


In view of the reported success attained in Ger- 
many with the preparation by a new route of hydro- 
gen peroxide of high purity, work on the process ? 
was initiated in this country. The method makes use 
of 2-ethylanthraquinone which is successively hydro- 
genated and oxidized, thus being used over and over 
again as a medium for the union of the elements 
making up hydrogen peroxide. In carrying out the 
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procedure four different operations are involved: 
(1) reduction of the quinone, (2) removal of catalyst 
from the reaction mixture, (3) oxidation of the 
quinhydrone with air, and (4) removal of peroxide 
from the reaction mixture. 

Laboratory studies have shown that the reduction 
of 2-ethylanthraquinone to the corresponding quin- 
hydrone with subsequent oxidation gives quantita- 
tive yields of hydrogen peroxide. The process may 
be repeated many times without a significant de- 
crease in the yield of hydrogen peroxide. 

A tetrahydro-2-ethylanthraquinone was prepared 
by quantitative reduction of 2-ethylanthraquinone, 
and was used in the above process.* It appears prob- 
able that, through the use of the tetrahydroquinone, 
the yield of hydrogen peroxide per cycle may almost 
be doubled over that obtained with 2-ethylanthra- 
quinone. This is due to the fact that the tetrahydro- 
quinone may be 90 per cent reduced to the hydro- 
quinone with no precipitation of organic material 
from the reaction solvent, whereas no more than 50 
per cent of 2-ethylanthraquinone can be reduced to 
the hydroquinone (i.e., to the quinhydrone stage) 
without precipitation. 





Chapter 42 


INSECT AND RODENT CONTROL STUDIES* 
By Joseph Dec 


42.1 INTRODUCTION 


HE CONTROL of insects, other arthropods, and 
jen were problems of major importance to 
the Armed Services during World War II, and a con- 
siderable amount of research on these problems was 
earried out before and during the war years. The 
investigations performed within Division 9 of the 
National Defense Research Committee [NDRC | 
were almost entirely of a chemical nature and repre- 
sented a small portion of the total work done. 
Produets developed in Division 9 were submitted 
to other laboratories for entomological evaluation 
and toxicity studies. This chapter is intended only to 
indicate the scope and results of the studies carried 
out within Division 9, although occasional mention 
of other work is made to clarify the presentation. 

The investigations were concerned with DDT, 
insect repellents, miticide binders, and rodenticides. 
The chemical composition of the technical DDT pro- 
duced in April, 1944, was determined. Formulations 
containing DDT were prepared for a variety of 
applications; especially noteworthy is a water- 
dispersible noncaking powder containing more than 
90 per cent DDT. Several methods for the deter- 
mination of DDT were developed and evaluated. 
About 2,100 candidate insect repellents were pre- 
pared; more repellency data are needed to evaluate 
adequately the better repellents uncovered during 
this study. Binders were found which extend the life 
of miticides impregnated in clothing. Efforts to find 
a rapid and accurate chemical method for the assay 
of the rodenticide, red squill, were not successful. Of 
the 98 compounds submitted for testing as rodenti- 
cides, sodium fluoroacetate (1080) has proved to be 
outstanding; about 1,000 pounds of 1080 were sup- 
plied for field tests by other organizations. 


CHEMICAL COMPOSITION OF 
TECHNICAL DDT 


42.2 


Information regarding the chemical composition 
of technical DDT and the insecticidal potency and 
physiological action of its components was desired 


a Based on information available to Division 9 as of Novem- 
ber 1, 1945, unless indicated otherwise. 


by the Armed Services for use in writing specifica- 
tions. Samples of technical DDT obtained from three 
of the four companies producing DDT in April 1944, 
and a by-product oil obtained from the fourth com- 
pany were studied.! 8.36 Fourteen compounds were 
isolated from these samples and identified. 1-Tri- 
chloro-2,2-bis(p-chlorophenyl)-ethane ^ (p,p'-DDT) 
comprised about 70-75 per cent of the technical 
product, and 1-trichloro-2-o-chlorophenyl-2-p-chloro- 
phenylethane (o,p'-DDT) was present to the extent 
of about 20 per cent. Adequate amounts of the four- 
teen compounds were provided in a pure state, by 
isolation and synthesis, for entomological and physi- 
ological tests in other laboratories. The entomological 
data indicate that the insecticidal activity of tech- 
nical DDT is due primarily to p,p’-DDT.*® In larvici- 
dal activity, o,p'-DDT is about one-fifth as effective 
as p,p'-DDT but is of little value against adult 
mosquitoes, houseflies, and body lice. 1,1-Dichloro- 
2 2-bis(p-chlorophenyl)-ethane (p,p'-DDD), which 
was present in small amounts, is as toxic as p,p’-DDT 
to mosquito larvae and adults but is less toxic than 
p,p'-DDT to houseflies and body lice. 

Fractional erystallization, chromatographie sepa- 
ration, distillation in high vacuum, and eryoscopic 
analysis were employed to separate the components 
from each other. Results of the isolation studies are 
indicated in Table 1. 

The presence in technical DDT of each ot the 
fourteen compounds may be explained from a con- 
sideration of the possible reactions of technical chloral 
and technical chlorobenzene in the presence of sul- 
furic acid and subsequent reactions in washing the 
reaction product with an alkaline solution. 

The recovery of identified compounds in the 
samples ranged from 80.6-93.5 per cent. The samples 
were not exhaustively studied. The oils which re- 
mained after all the solids that crystallized had been 
removed had elemental analyses similar to that of 
DDT isomers. These residual oils probably contained 
one or more DDT isomers in addition to the o,p'- 
and p,p'-isomers, although degradation of two of the 
oils did not lead to the formation and isolation of 
other than the o,p'- and p,p'-dichlorobenzophenones. 

Seven of the fourteen compounds isolated from the 
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TABLE l. Composition of technical DDT.*® 


Compound 


1-Trichloro-2,2-bis( p-chlorophenyl)-ethane (p,p'-DDT)* 


1-Trichloro-2-o-chlorophenyl-2-p-chlorophenylethane (0,p'-DD' T)11 


1,1-Dichloro-2,2-5;s( p-chlorophenyl)-ethane (p,p'-DDD)11 


1,1-Dichloro-2-o-chlorophenyl-2-p-chlorophenylethane (0,p'-DD D)11 
2-Trichloro-1-o-chlorophenylethyl p-chlorobenzene sulfonateii 


2-Trichloro-1-p-chlorophenylethanol 
bis( p-Chlorophenyl)-sulfone 
a-Chloro-a-p-chlorophenylacetamideii 
a-Chloro-a-o-chlorophenylacetamideft 
Chlorobenzene 

p-Dichlorobenzene 
1,1,1,2-Tetrachloro-2-p-chlorophenylethaneii 
Sodium p-chlorobenzene sulfonate 
Ammonium p-chlorobenzene sulfonate 
Inorganic 

Unidentified and losses 


Sample 183 Sample 2! Sample 3? Sample 4? 
per cent per cent per cent per cent 
(a) 66.7 (b) 70.5 (a) 72.7 
(b) 72.9 (e) 63.5 (b) 76.7 

(d) 64.5 
(e) 67.9 
19.0 fea. 7.9 11.91 74.8] 
(d) 15.3 
(e) 20.9 
0.3 4.0 0.178 
id A 0.044 ^ E 
0.4 1.85 0.57 0.11 
0.2 PD ees 
0.6 0.1 0.034 
0.01 0.006 
0.007 ra ma 
qu 2.44 
0.73 
E +|| 
0.02 = as pa eS 
E "M 0.005 
0.14 0.04** 0.0177 ade 
6.5 5.1 10.6 19.4 


* Letters in parentheses refer to analytical methods as follows: (a) Isolation from technical DDT, (b) recrystallization from 75 per cent aqueous ethanol 
previously saturated with p,p'-DDT;?' (c) fractional crystallization, (d) adsorption analysis and fractional crystallization, (e) isolation, supplemented by 


eryoscopic analysis on the residue. 


t This value does not represent all the o,p'-DDT present, as all oily fractions were not exhaustively studied. 


i Miscellaneous fractions containing p,p'-DDT, o,p'-DDT, and p,p’-DDD. 


§ Includes 0.06 per cent of p,p'-DDD isolated as such and 0.11 per cent of the corresponding olefin. 
|| Isolated as nitro derivative from an oil mixture analyzing for a mixture of CsHeCli and CsHsCls and representing 2.54 per cent of original material. 
"| Qualitative tests for ferric, lead, and magnesium carbonates were obtained. 


** Insoluble in boiling 95 per cent ethanol. 


Tt Qualitative tests for ferric, ammonium, halide, and sulfate ions were obtained. 


Ii Not described previously in the literature. 


four samples examined had not been described pre- 
viously in the literature. The structure of each of 
these compounds was established by elemental 
analyses and degradation to known materials, and 
confirmed by synthesis. 

The identity of the compounds described previ- 
ously in the literature was demonstrated by compari- 
son with the reported physical properties, mixed 
melting point, and preparation of suitable deriva- 
tives. 

During the course of this study a number of com- 
pounds were prepared that were either derivatives or 
intermediates of the compounds found in technical 
DDT. Limited efforts to synthesize the 0,0'-isomer 
were unsuccessful.!.?* The other compounds related 
to this study which were prepared include all six of 
the isomeric dichlorobenzophenones with one chlorine 
on each ring;? 1-chloro-2,2-bzs( p-chlorophenyl)-ethane 
(DDM),  I-trichloro-2-m-chlorophenyl-2-p-chloro- 
phenylethane (m,p’-DDT),’ and the olefins formed 
by dehydrohalogenation of the several isomers of 
DDT.!°3.28 


42.3 DETERMINATION OF DDT 


Methods studied within Division 9 for the analysis 
of DDT were based on infrared and ultraviolet ab- 
sorption spectroscopy, cryoscopy, estimation of the 
phosgene liberated upon oxidation of DDT with 
chromic acid, Beilstein test for halogen, and color 
formation by treatment of nitrated DDT with alco- 
holic alkali. Publications in the open literature on 
methods for the analysis of DDT have been sum- 
marized elsewhere.*® 


INFRARED SPECTROSCOPY 


Infrared spectroscopy was successfully applied to 
the characterization of technical DDT, determina- 
tion of the relative proportions in which a compound 
occurs in different lots of technical DDT, and the 
quantitative analysis of DDT in unknown solutions." 

A study of the infrared absorption spectra of 
samples of DDT and p,p’-DDT, 0,p’-DDT, m,p’- 
DDT, p,p’-DDD, bis(p-chlorophenyl)-sulfone, 1,1- 
dichloro-2,2-b7s(p-chlorophenyl)-ethylene, and 2,2,2- 
trichloro-l-o-chlorophenylethyl p-chlorobenzenesul- 
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fonate resulted in the assignment of absorption 
bands to structural units characteristic of these com- 
pounds. Comparison of the infrared spectrum of a 
sample of technical DDT with the assigned absorp- 
tion bands thus permits qualitative determination of 
most of the compounds comprising the sample. The 
relative proportions in which a compound occurs 1n 
different samples of commercially produced DDT 
can be determined by a comparison of the absorption 
coefficients (expressed as logio Io/Z, where Lo is the 
transmitted radiation at zero concentration and [ 1s 
the transmitted radiation of the sample) of the 
different samples at the appropriate characteristic 
wavelengths. The quantitative analysis of DDT in 
unknown solutions is accomplished by comparing 
the per cent of transmission of the unknown sample 
at a characteristic wavelength with a reference curve 
obtained by plotting known concentrations against 
per cent of transmission. 

The infrared absorption spectrum of a sample of 
DDT ean be obtained from as little as a 1-mg sample. 
About 45 minutes is required to record the complete 
spectrum over the range from 1-15 y. If only the 
range from 7-12 u is examined, a record can be made 
in about 10 minutes. The quantitative analytical 
procedure for determining the concentration of DDT 
can be completed in less than 30 minutes, preserves 
the sample, and permits analysis of samples too 
small for gravimetric or volumetric methods. The 
experimental error of the method with dilute solu- 
tions (0.25 per cent) is about 10 per cent and with 
more concentrated solutions (1.25 per cent) is about 
3 per cent. 


ULTRAVIOLET SPECTROSCOPY 


Studies of the ultraviolet absorption spectra of 
technical DDT and several of its components indi- 
cated that ultraviolet spectroscopy could not serve 
as the basis for a useful procedure for the analysis of 
technical DDT.!4 A detailed study of the curves over 
the whole wavelength range seems necessary to reach 
even a tentative conclusion. Ultraviolet absorption 
data were obtained for p,p’-DDT,!* o,p'-DDT;'^ 
m,p’-DDT,° p,p’-DDD,' 2-trichloro-1-o-chlorophenyl- 
ethyl p-chlorobenzenesulfonate, four samples of 
technical DDT! a by-produet oil? tetranitro-p,p - 
DDT,‘ tetranitro-o,p’-DDT,* and the 0,0’-, 0,p’-, and 
p,p'-dichlorobenzophenones.^ 


CRYOSCOPIC ANALYSIS 


A general method for determining the composition 
of a mixture depends upon determination of the 


freezing point depression produced by that mixture 
(1) in a solvent not a component of the mixture, and 
(2) in the solvents known or suspected to be com- 
ponents of the mixture.4 In principle this method 
may be applied for each component of the mixture, 
but in practice it is employed only for components 
present in substantial amounts. Using this procedure 
the o,p'-DDT and p,p’-DDT contents of two residues 
obtained during a fractionation of a sample of tech- 
nical DDT were determined.! 


EstiMATION OF DDT By PHOSGENE METHOD 


The method for the determination of DDT which 
is based upon the oxidation of DDT with chromic 
acid and estimation of the liberated phosgene * was 
studied and its sensitivity improved.® An apparatus 
suitable for the determination was designed. The 
phosgene is swept through a small area of sensitized 
paper by a slow stream of air, and the intensity of 
the colored spot is related to the amount of DDT in 
the sample with the aid of a calibrated reference 
curve. Under conditions of maximum sensitivity the 
method is suitable for samples less than 1 ug. The 
experimental error may be 10-15 per cent. Technical 
DDT, p,p’-DDT, and o,p'-DDT yield results 
identical within limits of experimental error. 


DETECTION OF DDT on LACQUERED SURFACES 


A method based on the Beilstein test for halogen 
was developed for the detection of DDT on lacquered 
surfaces. The method involves wiping the lacquered 
surface with a cellulose absorption mat impregnated 
with copper carbonate. This mat is then burned in a 
special burner which eliminates the yellow color in 
the flame and makes possible the detection of the 
ereen color against a dark background. The quantity 
of DDT can be estimated roughly from the intensity 
of the green color. The test is sensitive to 10 ug of 
DDT, can be carried out in less than 1 minute, and 1s 
not affected by sodium chloride. It would be possible 
to make a kit good for 1,000 or more tests, weighing 
less than 1 pound, and occupying a volume of about 
10 cubic inches. This method was not studied ex- 
haustively. 


Cotor Test FoR p,p’-DDT 


The method for the determination of p,p'-DDT 
which is based on the production of a blue color when 
tetranitro-p,p/-DD T is treated with methanolic 
sodium hydroxide ?? was investigated with the ob- 
jective of increasing its sensitivity (10-ug sample 
required) and shortening the time necessary to carry 
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out the test (8-4 hours, although several samples 
ean be run concurrently).76:>° Limited studies in- 
dicated a modified procedure which involves nitra- 
tion of the sample followed by treatment with metha- 
nolic potassium hydroxide to be satisfactory for the 
quantitative determination of p,p’-DDT in the ab- 
sence of appreciable amounts of the by-products 
normally present in technical DDT. A _ simple 
colorimeter suitable for use in the field was devised. 
The procedure appears to be sensitive with samples 
as small as 3 ug, can be completed within 15 minutes, 
and is accurate to about 20 per cent. 


42.4 DDT FORMULATIONS 


DIsPERSIBLE DDT POWDERS 

The Armed Services wanted DDT formulations 
with a high DDT content in order to save transpor- 
tation space. Concentrates which were self-emulsi- 
fiable in water and contained 20-25 per cent technical 
DDT were used extensively. Studies directed toward 
the development of water-dispersible powders to 
contain at least 90 per cent DDT were successful." 
The dispersible powders developed during this study 
generally contain an anticaking agent and dispersing 
agents in addition to the DDT, and can most simply 
be prepared by passing the blended components 
through a micronizer. They do not cake during pro- 
longed storage at 65 C and require only manual 
mixing with water to produce well-dispersed sus- 
pensions which are equal in insecticidal effectiveness 
to emulsion concentrates or oil solutions of DDT. 

Tests against insects showed that the effectiveness 
of suspensions of DDT increased with decreasing 
particle size over the range from 22 y to about 0.5 y. 
Methods involving micronization, wet ball-milling, 
and emulsification of molten DDT in water were 
found satisfactory for the comminution of DDT, with 
micronization proving to be the most practical. 
Micropulverizing, colloid milling, and viscous mixing 
were unsatisfactory. Aerosol grade DDT or technical 
DDT purified by crystallization or solvent extrac- 
tion could be readily micronized, whereas technical 
DDT tended to pack in the micronizer. 

The resistance of DDT to caking at high tempera- 
tures was increased by (1) using DDT consisting 
essentially of p,p’-DDT, (2) isolating the DDT 
particles from one another by means of a finely di- 
vided, low-density solid diluent or anticaking agent, 
and (3) coating the DDT particles with a film- 
forming material. Purified DDT is resistant to caking 
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at 55 C but not at 65 C; the use of either anticaking 
agents or film-forming materials with purified DDT 
yielded products which did not cake in storage at 
65 C for several months. Silica aerogel and carbon 
black were the most effective anticaking agents 
which were found, although low-density silicic acid, 
calcium silicate, expanded vermiculite, micropulver- 
ized asbestos, hydrated alumina, and a diatomaceous 
earth also were effective. Low bulk density seems to 
be a prime requirement for an anticaking agent. Non- 
caking DDT powders were produced by coating the 
individual particles with protective films of water- 
soluble polymeric materials such as methyl cellulose 
and polyvinyl alcohol; however, since these coated 
products are prepared by a rather lengthy process, 
more attention was devoted to the development of 
the much simpler micronizing process. 

A considerable number of dispersing agents were 
examined; of them Igepon T [Cy;H3;CON(CHs)- 
C.H4SO3Na | and polyvinyl alcohol (grade RH-623) 
are outstanding. These agents performed well with 
different lots of purified DDT, are compatible with 
various types of anticaking agents, and give products 
dispersible in hard water. In some formulations more 
than one surface-active agent were used; the auxiliary 
agents seem to increase the wettability of the pow- 
ders and supplement the dispersing action of the 
principal agent. 

Several attractive dispersible DDT powders were 
prepared during the course of these studies. The 
percentage compositions of three of the preferred 
powders are given in Table 2. 


TABLE 2. Percentage composition of three representative 
dispersible DDT powders. 


Powders 
Components 1 2 3 


Aerosol grade DDT 90.5 90 90 


Silica aerogel (Santocel) 6 ii 6 
C5; H33CON(CH;)C;H4SO;Na (Igepon Ky 3 
Dibutyl phenylphenol disulfonate (Ares- 

klene 400) 0.5 3 
Polyvinyl alcohol (grade RH-623) 2 


Naphthalene formaldehyde sulfonate 
(Daxad 11) l 1 


Samples of powders of the types indicated in 
Table 2 have been supplied to the U. S. Army, Navy, 
Department of Agriculture, and other organizations 
for further practical evaluation. The laboratory de- 
velopment of these powders is substantially com- 
pleted. Since space for transportation presumably 
will be less valuable in time of peace than during the 





DDT FORMULATIONS 


645 





recent war years, these dispersible powders of high 
DDT content will be compared critically with formu- 
lations of lower DDT content to determine whether 
production of a high DDT content product is de- 
sirable. 


DISPERSIBLE DDT PASTES 


Need by the Armed Services for practical formula- 
tions with a high DDT content prompted studies on 
concentrated aqueous pastes of finely divided DDT 
in addition to work on emulsion concentrates and 
dispersible powders. 

Water-dispersible pastes containing 50—70 per cent 
technical DDT have been developed." These pastes 
are resistant to settling or agglomeration during 
storage at 55 C and are readily dispersed to give 
dilute suspensions for spraying. A typical composition 
is ball-milled DDT (53 per cent), sodium lignin 
sulfonate (1 per cent) as dispersing agent, polyvinyl 
alcohol (1.2 per cent) as stabilizing agent, and water 
(44.8 per cent). The two prime requirements for a 
. paste to be stable at 55 C were shown to be (1) com- 
plete deflocculation of the DDT particles and (2) sta- 
bilization by means of a protective colloid to prevent 
either settling or aggregation of the particles during 
storage. 

The studies on aqueous pastes which have been 
carried out are not exhaustive but can serve as a good 
background for any additional work on DDT pastes. 
Use of purified DDT should give pastes stable at 
temperatures above 55 C, and the maximum con- 
centration of DDT in pastes remains to be de- 
termined. While pastes avoid the use of the flam- 
mable solvents present in emulsion concentrates, dis- 
persible powders containing at least 90 per cent DDT, 
which contain neither solvents nor water as diluents, 
are inherently more attractive. 


SOLVENTS FOR DDT 


A variety of solvents and solvent systems for DDT 
were evaluated with the objective of finding solvents 
or solvent combinations for application in emulsion 
concentrates, concentrated solution sprays, and solu- 
tions containing a high percentage of DDT which 
would be suitable for dilution with oils available in 
the field.!? Several attractive solvent systems were 
uncovered. | 

A system comprising 80 parts of Solvesso No. 3 
(a hydrogenated naphtha) and 20 parts of cyclo- 
hexanone dissolves 75 parts of DD'T and has a flash 
point of 135 F. It seems satisfactory with respect to 


flash point, noncorrosiveness to plastics, low toxicity, 
and water emulsifiability. Solvesso No. 1 (flash point 
< 100 F) is equal to xylene in solvent power, and in 
combination with 10 per cent of cyclohexanone or 
methyl ethyl ketone the solvent action is equal to 
that of cyclohexanone, which dissolves an equal 
weight of DDT to give a 50 per cent solution. Methyl 
ethyl ketone, isophorone, and mesityl oxide are 
among the polar solvents found to be equal to cyclo- 
hexanone in solution capacity for DDT. A number of 
hydrocarbon solvents were examined. 

Propylene oxide and ethylene oxide were found to 
possess outstanding solution capacity for DDT (170 g 
and 130 g DDT/100 g solvent, respectively). These 
solvents are too volatile for use in emulsion concen- 
trates but merit investigation as auxiliary solvents for 
aerosol systems. In a scouting experiment a standard 
Army issue aerosol bomb was charged with 10 per 
cent DDT (threefold increase over the standard sys- 
tem), 7.5 per cent ethylene oxide, and 82.5 per cent 
Freon and was found to spray satisfactorily as a fine 
aerosol. Toxicity and explosion hazards of systems 
containing these alkylene oxides were not explored. 


SURFACE-ACTIVE AGENTS FOR EMULSIFIABLE DDT 
CONCENTRATES 


The development of DDT concentrates self- 
emulsifiable in water was desired by the Armed 
Services in order to save shipping space. The first 
DDT emulsion concentrate recommended to the 
Armed Services was comprised of 20 per cent DDT, 
60 per cent xylene, and 20 per cent Triton N-100 (a 
polyethylene glycol octylphenyl ether).?’ Alternate 
formulations were desired to help insure adequate 
supplies and if possible to lower costs without de- 
crease in quality. A survey of 90 surface-active 
agents for use in DDT emulsion concentrates was 
made.? 

In laboratory tests Ammonyx OO (oleyl dimethyl- 
amine oxide), Alkanol WXN (sodium hydrocarbon 
sulfonate), Ninol 737 (Cio—Cie acid-alkylolamine con- 
densate), Phi-O-Sol (sodium ricinoleic sulfonate), and 
MP-646 (sodium hydrocarbon sulfonate) were found 
to be at least as effective as Triton N-100 in emulsion 
concentrates containing xylene or Solvesso No. 1. It 
was found that a concentrate containing 44 per cent 
DDT (the high DDT content is noteworthy), 6 per 
cent Ammonyx OO, 45 per cent Solvesso No. 1, and 5 
per cent cyclohexanone readily gave an aqueous emul- 
sion of excellent stability. 

During the course of this survey the availability 
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of Triton N-100 improved, its cost decreased sharply, 
and a concentrate containing 7 instead of 20 per cent 
Triton N-100 was found to be satisfactory 7° so that 
the need for alternate surface-active agents became 
less critical. 


SPREADING AGENTS FOR LARVICIDAL OILS ON WATER 


Unmodified oil solutions of DDT do not spread 
readily over water covered by a biological film, a thin 
surface film produced by organisms or arising from 
their decomposition. A survey was made of surface- 
active agents which might promote the spreading of 
oil solutions of DDT over water and render the oil 
film more resistant to compression by wind and 
water currents.’ Laboratory data indicated Pentamul 
87 and Pentamul 126 (esters of pentaerythritol) and 
SP-315 (alkali metal petroleum sulfonate) to be the 
most promising of the 48 surface-active agents ex- 
amined during this study. Field tests showed that 
Pentamul 126, SP-315, and Triton N-100 were 
equally effective in increasing the spreading of oils 
over water not covered with a biological film. Over 
water covered with a biological film Triton N-100 
was superior to Pentamul 126 and SP-315. 


EMULSIFIABLE CONCENTRATES FOR FLY AND ODOR 
CONTROL 


The problem of controlling fly larvae and odor 
around latrines and corpses was important to the 
Armed Services in the Pacific areas. Formulations 
containing DDT for the control of adult flies, crude 
dichlorobenzenes for the control of eggs and maggots, 
and creosote for masking odor were developed." 
Samples of six concentrates self-emulsifiable in sea 
water were submitted to the Chemical Wartare 
Service for field evaluation. 


42.5 INSECT REPELLENTS 


Mosquito-borne diseases have been a major prob- 
lem to our Armed Services, especially in areas outside 
of the United States. The routine use of atabrine 
and the control of mosquitoes with DDT and sanita- 
tion proved to be invaluable during World War II. 
In newly occupied and combat areas, repellents 
applied to skin and clothing were particularly useful 
in giving protection from vectors of malaria and 
other diseases. 

At the request of the Armed Services, a search for 
new and effective insect repellents was undertaken 
in 1942 by the U. S. Department of Agriculture, 


Agricultural Research Administration, Bureau of 
Entomology and Plant Quarantine, with funds made 
available by the Office of Scientific Research and 
Development. Candidate insect repellents obtained 
from industrial sources and Department of Agri- 
culture laboratories were tested in Orlando, Florida, 
against caged Aedes aegypti and Anopheles quadri- 
maculatus. The more promising materials were tested 
in the field against other mosquitoes and flies. As a 
result of these studies a mixture, known as 6-2-2, 
consisting of 6 parts of dimethyl phthalate, 2 parts of 
2-ethylhexanediol-1,3 (R-612), and 2 parts of inda- 
lone, and also the individual components were 
standardized by the Armed Services in 1943.?? While 
6-2-2 was markedly superior to insect-repellent com- 
positions previously available, its protection time of 
1—5 hours, depending upon conditions, was not con- 
sidered adequate. The Army wanted an insect re- 
pellent effective for at least 12 hours. 

In June 1944, NDRC Division 9 was requested to 
cooperate in the research program to find a longer 
lasting insect repellent by supplying samples of candi- 
date insect repellents for tests in Orlando. It was felt 
that a carefully organized synthetic approach based 
on leads indicated by the repellency data might yield 
satisfactory repellents more rapidly than the method 
of simply testing any compound that might become 
available. 


REPELLENTS TESTED ON SKIN 


Compounds which were liquid at room temperature 
(testing of solids is described in Section 42.5.2) were 
screened by a method involving application of 1 ml 
of the candidate repellent to the forearm of subjects 
and exposing the forearm for 2 minutes successively 
to several thousand caged Aedes aegypti and Ano- 
pheles quadrimaculatus at 20—30-minute intervals 
until the first bite was obtained.?? At least two sub- 
jects were used for each material. The promising 
compounds were tested further in à similar manner 
and also evaluated in paired tests with dimethyl 
phthalate. The material compared with dimethyl 
phthalate was applied to one forearm of a subject 
and dimethyl phthalate was applied to the other 
forearm. The materials which seemed to be at least 
equivalent in repellent activity to dimethyl phthalate 
were submitted for acute toxicity studies (350 ml) 
by the Food and Drug Administration, Division of 
Pharmacology," and for further repellency test- 
ing (150 ml) in the laboratory and also in the 
field whenever possible. The candidate repellents 
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which passed acute toxicity tests, whose commercial 
production seemed feasible, and which were relatively 
odorless, nonstaining, and nonirritating were sub- 
mitted for 90-day subacute toxicity studies (3,1) by 
the Food and Drug Administration; and for re- 
pellency tests (1, 1) in the field against the actual 
mosquitoes from which protection was desired, es- 
pecially in the several theaters of war. Testing against 
different species of mosquitoes is necessary because 
repellents do not offer uniform protection against all 
species. It was felt that any compound or mixture 
which was better than 6-2-2 on the basis of this series 
of tests would be considered for standardization by 
the Armed Services. 

About 5,000 materials were screened as insect re- 
pellents (also tested as insecticides) ?? for application 
to skin, and, of these, approximately 400 were found 
to repel Aedes aegypti for at least 180 minutes.” 
Approximately 1,600 candidate insect repellents for 
skin application tests were prepared by the Division 
9 contractors on this project, and, of these, about 
250 were found to exceed 180 minutes’ protection 
time against Aedes aegypti. 7? Recognition of rela- 
tionships between insect-repellent effectiveness and 
chemical structure and volatility !7:192? accounted for 


the much higher percentage of good repellents among 
the compounds synthesized for repellency tests than 
from the compounds obtained in random fashion 
from various sources. In addition to the compounds 
specifically prepared for the insect repellent program, 
Division 9 was able to obtain the generous cooper- 
ation of several university laboratories in submitting 
samples of 557 compounds available at these labora- 
tories and not previously tested in Orlando; ”! of 
these, 24 repelled Aedes aegypti for at least 180 
minutes in the screening tests. 

A total of 196 compounds and mixtures were ex- 
amined for acute toxicity by skin application to 
rabbits, and 81 (including several creams and solu- 
tions) were found to be neither too toxic nor irri- 
tating and were considered worthy of further 
studies. These materials were carefully considered 
from the standpoint of repellent effectiveness, rela- 
tive toxicity and irritancy, odor, staining properties, 
and acceptability by subjects before selecting the 
compounds for 90-day subacute studies and field 
tests overseas. 

Table 3 lists the compounds which passed the 
90-day subacute tests completed before January 1, 
1946. In addition to the compounds listed in Table 3 


TABLE 3. Compounds passing 90-day subacute toxicity tests (January 1, 1946). 


Orlando 
Code No. 


9t Indalone ||, { 
262+ Dimethyl phthalate 
375] 2-Ethylhexanediol-1,3 


Name 


20241 Propyl cinnamate 


20261 Isopropyl! cinnamate 


21337 
39167 


2-Phenyleyclohexanol 


methyl ester 
55631 1,2,3,4- Tetrahydro-2-naphthol 


6168} Propyl N,N-diethylsuccinamate 


62301 Cyclohexyl acetoacetate 


cis(Bicyclo[2,2,1]-5-heptene)-2,3 dicarboxylic acid, di- 


Paired tests, 
dimethyl phthalate 


No. of tests, avg. 
repellency time in 


minutes = denominator 
a q a q 
104-147 53-41* 
1785-258 1897-108 
186-346 114-55 5-366 OC (E 
5—263 5-195 
8-1468 8-35 2-159 2-34 
2-167 2-128 
96-219 96-118 4-304 4-139 
4-287 4-138 
101-383 100-87 
70-288 70-67 9-308 9-68- 
9-273 9—97 
43-338 43-52 13—432 13-185 
13-292 13-154 
45-322 47—76 4-395 4-124 
4-353 4-194 
41-101$ 39-57 4-177 4-128 
4-302 4-144 





a = Aedes aegyptt. 
q = Anopheles quadrimaculatus. 


* The number preceding the hyphen indicates the number of tests performed; the second number gives the average time (in minutes) of the tests. 


+ Repellency data from Orlando Laboratory, as of June 30, 1945. 

t Repellency data from Orlando Laboratory, as of September 30, 1945. 
§ Longer protection times were obtained in early tests. 

|| Outstanding against Stomozys calcitrans.?? 

§ Condensation product of mesityl oxide and dibutyl oxalate. 
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Orlando 
Code No. 


1170* 
2145* 
2419* 
3572* 
55187 
55337 
55427 
55671 
61337 
61547 
62167 
62527 
70901 
70217 
70267 
71021 
71457 


105167 


INSECT AND RODENT CONTROL STUDIES 


TABLE 4. Compounds on hand for 90-day subacute toxicity studies (January 1, 1946). 


Name 

Anisyl alcohol 

Phenoxyethyl acetate 
N-sec-Butylphthalimide 

Diisopropyl tartrate 
p-n-Propoxybenzaldehyde 
4-Anisyl-5-methyl-1,3-dioxane 
Thiodiglycol diacetate 

Diethyl hexahydrophthalate 

Cyclopentyl 1-hydroxycyclohexanecarboxylate 
1,5-Pentanediol dipropionate 

Ethyl 8-phenylhydraerylate 

Ethyl N,N-dipropylsuccinamate 
5-Ethyl-5-nitro-2-propyl-1,3-dioxane 
Ethyl a-cyanocyclohexaneacetate 

Ethyl B-methyl-6-phenylglycidate 
5-Methyl-5-nitro-2-propyl-1,3-dioxane 
N-Butyl-4-cyclohexene-1,2-dicarboximide 


4-Methoxy-3-methylacetophenone 


a = Aedes aegypti. 

q = Anopheles quadrimaculatus. 
* Repellency data from Orlando Laboratory, as of June 30, 1945. 

t Repellency data from Orlando Laboratory, as of September 30, 1945. 
t Longer protection times were obtained in early tests. 


the mixtures, 6-2-2 and NMRI 201 (3 parts 1,2,3,4- 
tetrahydro-2-naphthol and 7 parts 2-phenyleyclo- 
hexanol), have passed the 90-day subacute toxicity 


tests. 


Table 4 lists the candidate insect repellents on 
hand at the Food and Drug Administration for 90- 
day subacute toxicity studies as of January 1, 1946, 
the examination of which was still to be completed. 


No. of tests, avg. 
repellency time in 


minutes 
a 


16--237 
40-1781 
16-240 - 
13-288 
29-222 
3/—214 
37—188 
00-1761 
24—236 
2/—1701 
338—268 
40—207 
20—307 
38-201 
3/—1651 
34-216 
26-246 


13-281 


q 


16-55 


40-59 


16-51 


13-36 


34-114 


33-41 


39—48 


53—56 


. 26-33 


31-98 


' 981-39 


40—49 


20—45 


38-48 


37—53 


34—46 


26—48 


13-84 





Paired tests 
dimethyl phthalate 
= denominator 
a q 
8-268 8-51 
8-221 8H 
9-253 9-58 
9-290 . 9-89 
4-375 4-77 
4-355 4-252 
5-371 5-57 
5-346 5-143 
11-226 16-128 
11-283 16-103 
4—353 4—38 
4-368 4-112 
6-173 6-59 
£218 6-121 
12-254 12-87 
12-269 12-156 
2—428 2—54 
2.851 2-240 
5—281 7-140 
5-226 7-146 
4—405 4—43 
4-229 4-122 
4—304 4-73 
4-313 4-153 
4—459 4—68 
4-338 4-162 
8--367 8—64 
8-351 8-205 
8--192 8-78 
8-227 8-85 
4--273 4—59 
4-337 4—144 
4—332 4—49 
4-285 4—87 
5-226 5-46 
5-248 5-89 


_ Considerable variation in protection times was 
obtained with all of the compounds found to possess 
appreciable repellent activity. Among the factors 


which have been recognized as determining the protec- 





tion time of a repellent are species and condition of 
mosquito, subject, temperature, humidity, condition 
of the skin, and uniformity of application. Loss by 
skin absorption is probably the most important factor 
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in limiting the protection time offered by compounds 
which do possess repellent properties. The test results 
obtained in the laboratory with Aedes aegypti were 
qualitatively reproducible, and generally good corre- 
lation was obtained with these tests and those in the 
field against other species, including Anopheles.” 


The laboratory method was refined at the Naval | 


Medical Research Institute at the expense of re- 
ducing the capacity for making tests, but the range 
of repellency times was significantly decreased.* A 
number of promising repellents as indicated by data 
developed in Orlando were evaluated on sweating 
subjects.*#°> NMRI 201 (3 parts 1,2,3,4-tetrahydro- 
2-naphthol, and 7 parts 2-phenyleyclohexanol) gave 
protection times of 3-7 hours in the laboratory and 
up to 11 hours in the field, which are longer than 
2-phenyleyclohexanol, 1,2,3,4-tetrahydro-2-naphthol, 
dimethyl phthalate, and 6-2-2 offered alone.*^? Other 
mixtures containing derivatives of 2-phenylcyclo- 
hexanol and  1,2,3,4-tetrahydro-2-naphthol gave 
equally good results.?*^ 

No repellent effective for at least 12 hours against 
all species of mosquito and under all conditions was 
discovered. Nor has a definite path leading to the 
12-hour repellent been indicated by these studies. 
Most of the compounds giving at least 3 hours' pro- 
tection time have boiling points above 250 C, and 
none of these is highly nonvolatile. It was demon- 
strated that certain families of compounds contain 
more repellents than other families. Compounds con- 
taining two groups regarded as conferring repellency 
when present alone were generally totally inactive. 
Polyfunctional molecules were more effective than 
simpler structures. Among the classes of compounds 
which yielded a substantial number of repellents are 
amide-esters, N-substituted anilides and amides, 
1,3-diols, 8-phenylethanols (including 1,2,3,4-tetra- 
hydro-2-naphthol and 2-phenylcyclohexanol) alkoxy- 
benzaldehydes and hydroxyesters.!? 1??? 

Termination of the Division 9 studies on insect re- 
pellents shortly after the end of the war with Japan 
did not permit preparation of samples of several 
compounds considered worthy of acute and 90-day 
subacute toxicity studies and further repellency test- 
ing. Some toxicity studies are in progress.” 1,2,3,4- 
Tetrahydro-2-naphthol was supplied for extensive 
field tests and about 140 pounds of this compound 
have been prepared." Smaller quantities (2-4 
pounds) of other promising materials were supplied for 
field tests by the Army, Navy, the British, Depart- 
ment of Agriculture, and Office of Inter-American 


Affairs.17-19.20 Many field data are presumably forth- 
coming. Repelleney data from the field against a 
variety of mosquitoes are needed in order to evaluate 
adequately the candidate insect repellents uncovered 
during the course of this study. The available data 


- indicate that several repellents have been found 


which are longer-lasting than 6-2-2, although the goal 
of a 12-hour protection time under any conditions 
and against all mosquitoes still remains to be at- 
tained. 


REPELLENTS TESTED IN CLOTH 


About 2,500 materials, chiefly solids, were tested 
in cloth for repellency to indicate their value for im- 
pregnation of clothing and face-nets and also for use 
in solutions, suspensions, and ointments for applica- 
tion to skin.?? Liquids which failed to pass screening 
tests for irritancy were tested for repellency in cloth. 
The test method involved impregnation of women’s 
mercerized cotton hose cut to fit the forearm and 
exposure of the clothed forearm alternately to caged 
Aedes aegypti and Anopheles quadrimaculatus.?? Ex- 
posures were made daily for 2-minute periods. About 
10 per cent of the materials sereened were repellent 
for at least 10 days against Aedes aegypti and about 
2 per cent against Anopheles quadrimaculatus. The 
screening tests were usually terminated at 10 
days. 

Of the 2,500 compounds, about 500 were synthe- 
sized by Division 9 contractors for repellency test- 
ing 5171—20 and 138 were obtained from university 
laboratories; 2! 71 were repellent to Aedes aegypti for 
at least 10 days. Among the compounds tested for 
more than 10 days, N-ethylacetanilide and N-propyl- 
acetanilide are outstanding." 'They were still re- 
pellent to Aedes aegypti after 35 days, and in 20 per 
cent solutions in dimethyl phthalate have passed 
acute toxicity tests. 

Use of the better solid repellents in the form of 
solutions, suspensions, and ointments for skin appli- 
cation remains to be adequately evaluated. Several of 
the solid repellents in dimethyl phthalate solution 
offer longer protection times in skin application tests 
than dimethyl phthalate alone. Impregnation of 
repellents in clothing and in both close- and wide- 
mesh nets have rendered these articles repellent for 
periods ranging from 1 week to 5 months. ?? How- 
ever, insufficient repellency and toxicity data have 
been obtained to indicate which of the materials 
examined to date are the best for impregnation of 
clothing and nets. 
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The control of scrub typhus, which is transmitted 
by mites, was a serious problem to the Armed Serv- 
ices in the Pacific and the China-Burma-India 
theaters. No specific treatment for the disease was 
available, but protection was obtained by impreg- 
nating clothing to be worn in the endemic areas with 
dimethyl phthalate, which had been found to possess 
miticidal action. The easy removal of dimethyl 
phthalate from clothing by rinsing in water indicated 
need for a miticide more fast to clothing or means to 
bind dimethyl phthalate more firmly to fabric. 

A variety of materials were studied for their 
fixative power on dimethyl phthalate in fabrics in 
order to increase the resistance of the impregnated 
dimethyl phthalate to leaching by water and 
laundering.’ The most promising binders found dur- 
ing these studies were polyvinyl acetate-chloro- 
paraffin and polyvinyl acetate. Fabrics impregnated 
with compositions containing dimethyl phthalate 
and these binders were still miticidal after a 48-hour 
rinse and one laundering, whereas dimethyl phthalate 
alone is removed from clothing by one laundering or 
in less than 30 minutes by rinsing in cool water. 

Miticides have been discovered which, when im- 
pregnated in clothing without binders, are con- 
siderably more resistant to removal than even the 
aforementioned compositions.’ If the best of these 
miticides are found not to last as long as the clothing 
itself, their use in conjunction with binders should be 
investigated.!5.?? 


42.7 RODENTICIDES 


New RopENtTICIDES 


During the fall of 1943 a representative of the U.S. 
Department of Interior, Fish and Wildlife Service, 
Economic Investigations Laboratory, requested the 
cooperation of NDRC Division 9 on a research pro- 
gram to find new rodenticides superior to those avall- 
able at the time. This request was made primarily 
because it was felt that the considerable amount of 
toxicity data which had been developed within the 
Division in connection with studies on candidate 
chemical warfare agents might indicate new rodenti- 
cides more effective than the standard rodenticides. 
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After a consideration of the requirements for a 
rodenticide as indicated by the Fish and Wildlife 
Service representative and of the toxicity data, a 
number of compounds were recommended by this 
Division for testing.?? Samples of these compounds 
and others were requested by the Fish and Wildlife 
Service, and samples of 98 compounds were furnished 
for screening tests. Among the compounds suggested 
by this Division was sodium fluoroacetate (1080),*° 
which proved to be an outstanding rodenticide. 
About 1,000 pounds of this compound was supplied 7 
for field tests by the Fish and Wildlife Service, Army, 
Navy, U. S. Public Health Service, and other or- 
ganizations. The preparation, physical and chemical 
properties, and toxicology of sodium fluoroacetate 
are summarized in Chapter 10. The results of the 
field tests are reported elsewhere.*! 

Several compounds were found to be slightly more 
toxic to rodents (Chapter 10) than sodium fluoro- 
acetate; however, the latter is easier to prepare and 
its toxicity is more than adequate. Samples of 2-chloro- 
4-dimethylamino-6-methylpyrimidine (Castrix gift- 
korner) *4 and sodium p-dimethylaminobenzenediazo- 
sulfonate,” which were regarded favorably in Ger- 
many as rodenticides, were prepared. Screening tests 
for toxicity to rats indicated that these compounds are 
less effective rodenticides than sodium fluoroacetate; 
however, the toxicity data warranted the preparation 
of sufficient quantities for field tests. 


CHEMICAL ASSAY OF RED SQUILL 


Lots of red squill powder are usually tested for 
toxicity to rats before being formulated into baits for 
use as rat poisons. Assay is necessary because differ- 
ent lots vary considerably in toxicity. The bioassay 
procedure is costly and time-consuming, and the 
results seem to vary markedly with the strain, sex, 
and size of the rats used. 

A limited search ? was made for chemical methods 
that might be suitable for a rapid and reliable assay 
of the principle in red squill which is toxic to ro- 
dents. Highly toxic fractions were isolated from 
samples of red squill; however, attempts to correlate 
the results of quantitative analytical procedures ap- 
plied to the various fractions and samples with 
bioassay determinations ? were not successful. 





Chapter 43 


SYNTHESIS OF ANTIMALARIAL INTERMEDIATES AND DRUGS 
By Arthur C. Cope 


43.1 INTRODUCTION 


N JULY 1944 work in seven laboratories of the 
National Defense Research Committee [NDRC], 
Section 9.2, was diverted wholly or in part from 
chemical warfare problems to synthesis of anti- 
malarial intermediates and drugs. Authorization for 
the NDRC contractors to participate in the malaria 
program of the Committee on Medical Research 
[CMR] was arranged by representatives of the two 
agencies. Through this arrangement the experience 
and manpower of the laboratories concerned fur- 
nished an added impetus to the malaria program, 
particularly by synthesis of some of the intermediates 
needed for preparation of the more promising drugs 
selected for clinical trial. At the same time the plan 
enabled the NDRC laboratories to retain their per- 
sonnel and remain in a stand-by condition which 
would permit immediate resumption of work on 
chemical warfare problems in the event of initiation 
of chemical warfare. On September 1, 1945, the 
remaining Section 9.2 contracts concerned with the 
malaria program were transferred to CMR, and 
completed their work (terminating December 31, 
1945, February 28, or May 31, 1946) under CMR 
contracts. 

The following university laboratories participated 
in the program through contracts with the Office of 
Scientific Research and Development, as listed: Uni- 
versity of Wisconsin (OEMsr-304, OEMemr-567); 
State University of Iowa (OEMsr-228, OEMemr- 
564); University of Illinois (OEMsr-300, OEMcmr- 
570); Iowa State College (OEMsr-97, OEMemr-565); 
University of Nebraska (OEMsr-85, OEMemr-5606); 
Northwestern University (OEMsr-135, OEMemr- 
563); Indiana University (OEMsr-195). 

Under these contracts a total of 95 antimalarial in- 
termediates and 12 drugs were synthesized, in quan- 
tities varying from 1 g to 12 kg. In addition, process 
development work was conducted on the synthesis of 
several compounds as a preliminary to their prepara- 
tion on a large laboratory, pilot plant, or manufactur- 
ing scale. Details of the chemical work completed 
under the program appear in progress reports which 
are listed in the Bibliography. Much of the work is 





to be published in the open literature, where it can be 
located through reference to the official investigators 
as co-authors. The following section comprises a list of 
the compounds that were prepared. 
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INTERMEDIATES AND DRUGS 


PREPARED 


References 10 and. 15. 
Compound 
y-Diethylaminopropylamine 
cis-B-Decalone 
Spermine tetrahydrochloride 
Spermidine trihydrochloride 
Di-n-nonylamine 
n-Nonylamine 
ac. B-Tetralone 
2-Diethylaminomethyl-4-aminophenol hy- 
drochloride 
Tetrahydroanthracene 
Methylisopropylamine 


. References 1, 8, and. 12. 


Compound 


Tetrahydrophenanthrene-9-aldehyde 
1-Diethylamino-3-aminobutane 
8-Diethylaminoethylamine 
9-Acetylphenanthrene 
9-Acetyl-tetrahydrophenanthrene 
Phenanthrene-9-aldehyde 
3-Chloro-5-nitrobenzoic acid 
4-Chloro-1-acetonaphthone 
4-Chloro-1-naphthaldehyde 
6-Cyclopentylvaleric acid 

Ethyl cyclohexanone-2-carboxylate 
Nitrosomethyl urea 
2-Cyclohexy!-4-tert-butylphenol 
6-Methoxyquinoline 
2-Chloro-4-aminoanisole 
6-Aminohexanol-1 
Mono-tert-butylamine 
4-Chloro-1-naphthoic acid 
5,7-Dichloroisatin 

Meconic acid 

Ethyl hydrogen adipate 

Ethyl hydrogen sebacate 


. References 9 and 16. 


Compound 


Ethyl ethoxymethylene malonate 
4,7-Dichloroquinoline 
Di-n-octylamine 
2-Phenyl-4,7-dichloroquinoline 
3-Bromophenanthrene 
2-Phenyl-4-chloro-6-methoxy quinoline 
4-Amino-7-chloroquinoline 





Amount 
5,241 g 
218 g 
45.6 g 

12.95 g 
4,179 g 
550 g 
370g 


8l g 
575g 
1,105g 


Amount 
1,343 g 
1,091 g 
2,094 g 
1,150 g 
7,015g 

822 g 
2,012 g 
500 g 
(ae 
560 g 
1,191g 
10,198 g 
1,560 g 
3,434 g 
200 g 
71g 
74l g 
100g 

6 kg 

200 g 
1,230 g 
809 g 


Amount 
12,131 g 
10,149 g 
7,987 g 
300 g 
100 g 
122.8 g 
884 g 


651 


652 


3. 


SYNTHESIS OF ANTIMALARIAL INTERMEDIATES AND DRUGS 


( Continued). 
Compound 


2-Phenyl-4-hydroxy-7-chloroquinoline 
2-Phenyl-4-hydroxy-6-methoxyquinoline 
Di-n-hexylamine 
2-Amino-4-chlorobenzoie acid 
3-Diethylaminopropylchloride 
3-Diethylaminopropylchloride hydrochloride 
N-Benzoyl pipecolinic acid ethyl ester 
Pipecolinic acid ethyl ester hydrochloride 
7-Chloro-4-( 1-ethyl-4-piperidylamino)- 
quinoline (SN 13,425) 
5,8-Quinoline quinone 


Amount 


10g 
10g 


5kg 


130 g 


9,200 g 


974 g 
2llg 
710g 


668 g 


5. References 2, 4, and 14. 


Compound Amount 
Ethyl oxalopropionate 14 Ib 
Quinoline-4-aldehyde 760 g 
4-Chloro-2-nitrobenzaldehyde 63g 


]-(4-Diethylamino-1-methylbutylamino)- 
benzo(f)quinoline diphosphate (SN 11,020) lig 

4-(4-Diethylamino-1-methylbutylamino)- 
benzo(h)quinoline diphosphate monohy- 


5,8-Dihydroxy quinoline 

5,8-Diacetoxy quinoline 

4,8-Dihydroxyquinaldic acid 

8-(6-Diethylaminohexylamino)-5-(2-hy- 
droxyethoxy )-6-methoxy quinoline 


References 5 and 18. 


Compound 
m-Anisidine 
Picolinic acid 
Ethyl formylphenylacetate 
2-Chloro-3-aminotoluene 
3-Diethylamino-2-hydroxypropylamine 


2.1¢ 
2.4 ¢ 
1.9g 


Amount 
3,041 g 
2,516 g 
3,010 g 

300 g 
5,017 g 


1-Diethylamino-2,3-epoxy propane 

8-Hydroxycinchoninic acid 

6,7- Methylenedioxy-2-phenylquinoline-4- 
carboxylic acid 

Cinchoninic acid 

2-Chloro-6-nitroquinoline 

6-Nitro-8-chloroquinoline 

Ethyl y-bromocrotonate 

2-Phenyl-6-methoxycinchoninic acid 

5,7-Dichloroisatin 

y-2-Piperidylpropy] chloride 

Quininic acid 

5,6-Dimethoxy-8-nitroquinoline 

4-Aminoveratrole 

a-(3-Diethylaminopropyl)-6-methoxy-2- 
phenyl-4-quinolinemethanol (SN 12,858) 

6,8-Dichloro-a-(dibutylaminomethy] )-2-(2- 


pyridyl)-4-quinolinemethanol (SN 14,143-4) 


y-Diethylamino-8-hydroxy butyronitrile 

1-(6-Methoxy-2-phenyl-4-quinolyl)-1-pro- 
panone 

8-(2,5-dimethyl-1-pyrry])-5,6-dimethoxy- 
quinoline 

a-(3-Diethylaminopropylmercaptomethyl)- 
6-methoxy-2-phenyl-4-quinolinemethanol 
dihydrochloride 

a-(2-Diethylaminomethylmereaptomethy])- 
6-methoxy-2-phenyl-4-quinolinemethanol 
dihydrochloride 


200 g 
60 g 


172g 
517 g 
197 g 
200 g 
512 g 


1,260 g 


505 g 
502 g 
304 g 


3,178 g 


500 g 


11.5g 


10g 


4,300 g 


4g 


6g 


4g 


10g 


drate (SN 11,021) 15.3 g 
4- Diethylaminobutylamine 105 g 
5-Nitro-8-chloroquinoline l kg 
2-Bromo-3-nitrobenzoie acid _ 2 kg 
B-Hydroxy-8'-aminoethyl ether o0 g 
6-Methoxyquinoline-4-aldehyde 195 g 

. References 6 and 11. | 

Compound Amount 
Dibenzylamine 500 g 
Ethyl cinchoninate 1,548 g 
o-Nitrobenzaldehyde 1,768 g 
p-Chlorophenylacetic acid 2,065 g 
Ethyl 6-chlorocinchoninate 500 g 
9-Chloroacridine 50 g 
3,9-Dichloroacridine 50 g 
4-Methoxy-9-chloroacridine o0 g 
5-Methyl-3,9-dichloroacridine 50 g 
6-Chloro-l-naphthaldehyde 83.7 g 
p-Nitroacetophenone 140 g 
m-Hydroxybenzaldehyde 288 g 
0-Nitroacetophenone 714g 
Homophthalic acid 500 g 
1,4-Dimethoxy-2-butyne 250g 
2,4-Dimethylquinoline 403 g 
8-(6-Allylaminohexylamino)-6-methoxy quino- 

line 18.9g 
8-(6-Diallylaminohexylamino )-6-methoxy- 

quinoline 18.2 g 

7. References 3 and 7. 

Compound Amount 
5-Aminoisoquinoline 1.5 kg 
1-Chloro-5-nitroisoquinoline 50g 
1,4-Dichloroisoquinoline 20g 


Two investigations directed primarily toward de- 
velopment of synthetic methods complete the citation 
of work undertaken under this program. They were: 

1. Investigation of the synthesis of plasmochin by 
reductive alkylation of 8-amino-6-methoxyquinoline 
with noval ketone and noval ketone diethylacetal.”” 

2. Development of an improved method for pre- 
paring 2-phenyl-6-methoxy-4-quinolinecarbinols.*:” 





GLOSSARY 


AC. Hydrocyanie acid. 

ACTIVE CHLORINE. Chlorine capable of chlorinating H. 

ADAMSITE. Diphenylamine chlorarsine. 

Aprsot OT. Sodium dioctylsuccino sulfate. 

AF-1, MFA, TL 551, T-1202. Methyl] fluoroacetate. 

A/G. Albumin: Globulin plasma protein ratio. 

A.G. No. 5. Ointment having following composition: 25 per 
cent impregnite E, 20 per cent diethyl phthalate, 10 per 
cent hydrogenated whale oil, 4 per cent sodium stearate, 
2 per cent potassium stearate, and 39 per cent water. 

A.G. No. 6. Ointment similar to A.G. No. 5, in which hydro- 
genated whale oil is replaced by hydrogenated peanut oil. 

ALKANOL WXN. Sodium hydrocarbon sulfonate. 

Ammonyx 00. Oleyl dimethylamine oxide. (Onyx Oil and 
Chemical Co.) 

AMOLOID Lv. À low viscosity ammonium alginate. 

AR-16. See TL 1217. 

AREA Dose. Expressed as milligrams per square meter it is 
numerically equivalent to the product of Ct (in milligram 
minutes per cubic meter) and the wind speed (in meters per 
minute). Not to be identified with the ground contamina- 
tion. 

ARESKLENE-400. Dibutylphenylphenol, sodium disulfonate. 

ARNZEN CioTH. A cotton twill fabric purchased by the Navy 
Department for the preparation of CC-2 impregnated per- 
meable protective garments. 

ATP. Adenosine triphosphate. 

AV. British anti-gas impregnite (N,2,4-trichlorobenzanil- 
ide). 

B-1. P-Nitrophenylazo-(8-napthylamine). 

BAL. 1,2-Dimercaptopropanol. 

BBC. o-Bromobenzyl cyanide. 

BENzvrL H. Benzyl 8-chloroethyl sulfide. 

BP”. Boiling point in C at p mm/Hg. 

BREAK TIME. See protective time. 

BuryL-H. Butyl (8-chloroethyl) sulfide. 

CAPACITY. Amount of vesicant gas per square centimeter 
applied to fabric to reduce retention efficiency to given 
value. 

CaRBITOL. Monoethyl ether of diethylene glycol. 

CARLISLE CARBON. Activated carbon prepared by the Crown- 
Zellerbach Company. 

CC-1. Same as CC-2. 

CC-2. N,N'-Dichloro-N,N'-57s(2,4,6-trichlorophenyl)-urea. 

CECVS. 8-Chloroethyl 8'-chlorovinyl sulfide. 

CG. Phosgene. 

CH. $8-Chloroethyl 8-hydroxyethyl sulfide. 

CHOLINERGIC. Effects produced on parasympathetie nervous 
system similar to those produced by acetyl choline. 

CK. Cyanogen chloride. 

CMR. Committee on Medical Research. 

CN. Chloroacetophenone. 

CP. Chloroparaffin containing approximately 40 per cent 
chlorine. 
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Cr. Product of concentration in milligrams per cubic meter 
and time of exposure in minutes. 

CWS. Chemical Warfare Service. 

Cyan DA. Diphenylamine cyanoarsine. 

DANC. Decontaminating agent, noncorrosive, consisting of 
a solution of 1 part by weight of RH-195 in 15 parts of TCE. 

DAP. Dianisylpropylene. 

Daxap 11. Naphthalene formaldehyde sodium sulfonate. 

DB-3. 4-(p-Nitrobenzyl)pyridine, a reagent for detecting H 
and other 8-chloroethyl compounds. 

DBT. Di-p-biphenyl-thiocarbazone. 

DC. Diphenyleyanoarsine. 

p,p’'-DDD. 1,1-Dichloro-2,2-b;/s( p-chlorophenyl)-ethane. 

DDT. 1-Trichloro-2,2-bis(p-chlorophenyl)-ethane (commer- 
cial product). 

m,p'-DDT.  1-Trichloro-2-m-chlorophenyl-2-p-chlorophenyl- 
ethane. 

o,p'-DDT. 1-Trichloro-2-o-chlorophenyl-2-p-chlorophenyl- 
ethane. 

p,p-DDT. 1-Trichloro-2,2-bis( p-chlorophenyl)-ethane (pure- 
compound). | 

DEcONTAMINANT 40. Trichloroisocyanuric acid. 

DH. See H. 

DHX. See H. 

DinEcTIvE 162. Edgewood Arsenal directions for the carrying 
out of an empirical test for measuring the H resistance of 
permeable fabrics. 

DM. Adamsite. 

DNB. 4-(0,p-Dinitrobenzyl)-pyridine. 

DP. Trichloromethyl ehloroformate (diphosgene). 

DPE. Diphenyl ether. 

DPF. See PF-3. 

DPT. Di-o-phenoxyphenyl thiocarbazone. 

DPU. Diphenylurea. 


t 
d zi Specific gravity at t C in reference to water at t; C. 
2 


DTH. See BAL. 

Duronot ME. Sodium dodecyl sulfate (commercial grade). 
DvuRATION OF Protection. Duration of exposure (usually in 
toxic chamber) in which a garment provides protection. 

EA. Edgewood Arsenal. 

ED. Ethyl dichlorarsine. 

EDS. Effective drop size (British). 

ETHYL S. See HNI. 

F-5, Z, 1120, TL 70, T-1377. Disulfur decafluoride. 

FE, TL 741, T-1904. 8-Fluoroethanol. 

H. bis(8-Chloroethyl) sulfide, mustard gas. 

H*. Radioactive H. 

HawortH Compounpn. See T-1708. 

HawortuH IsomEer. See TL 1216. 

HBT. Herringbone twill. 

H, DH, DHX. bis(8-Chloroethyl) sulfide. 

H-1TG. B-Chloroethyl-s[bis(6-hydroxyethyl)sulfonium l-ethyl 
sulfide chloride. 
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H-2TG, TL 510. bis[bis-(8-Hydroxyethyl) sulfoniumethyl ]. 

HMT. Hexamethylene tetramine. 

HNI1, TL 329, T-1790, 1149, ethyl S.  Ethyl-b?s(8-chloro- 
ethyl)amine. 

HN2, TL 146, T-1024, 1130, S. Methyl-b?s(8-chloroethyl)- 
amine. 

HN3, TL 145, T-773, 1070. tris(8-Chloroethyl)amine. 

HS,. bis-(8-Chloroethyl) hexasulfide. 

H SurLrFONE. bis(8-Chloroethyl) sulfone. 

IMPREGNITE E. N,2,4-Trichlorobenzanilide. 

INDALONE. Condensation product from mesityl oxide and 
dibutyl oxalate. (Kilgore Mfg. Co.). 

6-2-2 INsEcT REPELLENT. 6 parts dimethyl phthalate, 2 parts 
2-ethylhexanediol-1,3, and 2 parts Indalone. 

Isornopvr S. See TL 301. 

KALYE-A. An inorganic detergent composed of 75 per cent 
sodium metasilicate and 25 per cent tetrasodium pyro- 
phosphate. Made by the Rumford Chemical Company. 

KB-16. N-(8-Chloroethyl)-N-nitrosocarbamate. 

Kopan. An alkali soluble zine cellulose. 

L(Lewisite). 8-Chlorovinyldichlorarsine. 

LDs;. Lethal dosage, isopropyl-bzs( 8-chloroethyl)amine. 

LE-100. See MCE. 

Man “BREAK”. Failure of protective clothing to continue to 
protect single subject. 

MCE, Tarun, Le-100, TL 1578, T-2104. Ethyl dimethyl- 
amidocyanophosphate. 

MD. Methyldichloroarsine. 

MeErTHYL-H. Methyl-(8-Chloroethyl) sulfide. 

MFA. Methyl fluoroacetate. 

MFI, Sarin, T-144, TL 1618, T-2106. Isopropyl methane- 
fluorophosphonate. 

MicnRoNiZziNG PRocEss. A process for producing finely-ground 
material. 

MMD. Mass median diameter. 

MP. Melting point. 

M-1 Eye Souutrion. 5.6 per cent solution of BAL in highly 
purified ethylene glycol. 

M-1 ProrectivE OINTMENT. Ointment having following 
composition: 25 per cent dichloroamine-T, 65 per cent 
triacetin, and 10 parts cellulose acetate butyrate. 

M-2 Protective OINTMENT. Ointment similar to M-1, but 
containing chloramine-T. 

M-3 PROTECTIVE OINTMENT. Ointment similar to M-1, but 
containing dichloramine-B. 

M-4 Prorective Ointment. Later designation applied to 
M-1 Protective Ointment. 

M-5 PROTECTIVE OINTMENT. Same as 8-330 Protective Oint- 
ment. 

M-1, T of O. Theater of Operation plant for the impregna- 
tion of garments with a tetrachloroethane solution of a 
chloroamide impregnite. 

M-2, T of O. Theater of Operation plant for the impregna- 
tion of garments with a water dispersion of a chloroamide 
impregnite. 

uG. Microgram, gamma. 

MP-646. Sodium hydrocarbon sulfonate. 

MSA. Mine Safety Appliance Co. 

NACCONOL NR. An alkyl naphthalene sulfonic acid sodium 
salt. 

NMD. Number median diameter. 
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NMRI 201 InsEcT REPELLENT. 3 Parts 1,2,3,4-tetrahydro- 
2-naphthol and 7 parts 2-phenyleyclohexanol. 

NPN. Nonprotein nitrogen. 

NRL. Naval Research Laboratory. 

n^. Refractive index at t C. 

N-44 CARBON. An obsolete type of activated carbon pro- 
duced in the Chemical Warfare Service’s Fostoria, Ohio 
plant by the National Carbon Company. 

N-182 CARBON. A certain type of activated carbon produced 
in the Chemical Warfare Service’s Fostoria, Ohio plant by 
the National Carbon Company. 

OD. Olive drab. 

OSRD. Office of Scientific Research and Development. 

PCC Carson. Activated carbon produced by the Pittsburgh 
Coke and Chemical Company. (Also PCI.) 

PD. Phenyldichlorarsine. 

PENTAMUL 87. Pentaerythritol soya bean fatty acid mono- 
ester. (Heyden Chemical Corp.) 

PENTAMUL 126. Pentaerythritol monooleate. (Heyden Chem- 
ical Corp.) 

PER-CLENE. Tetrachloroethylene. 

PERFLUORO CoMPOUND. A substance in which all the hydro- 
gen atoms attached to carbon have been replaced by 
fluorine. Use of the prefix perfluoro- in naming compounds 
is recommended because of the awkwardness of the Geneva 
nomenclature. Thus, perfluoro-1,3-butadiene is preferred 
over 1,1,2,3,4,4-hexafluoro-1,3-butadiene, and _ perfluoro- 
1,-4-dichlorobutane is simpler than 1,1,2,2,3,3,4,4-octaflu- 
oro-1,4-dichlorobutane. The Greek letter dis sometimes used 
as an abbreviation for perfluoro. Thus, the compounds men- 
tioned may most simply be identified as ¢-butadiene and 
$-1, 4-dichlorobutane. 

PF-1, TL 311, T-1035. Dimethyl fluorophosphate. 

PF-3, TL 466, T-1703, 1152. Diisopropyl fluorophosphate. 

Pur-O-Sor. Sodium ricinoleic sulfonate. 

PHOSGENE OxriME. Dichloroformoxime. 

PHY. Pinhead vesicles. 


Pr. Protein. 
n-PROPUL S. See TL 481. 
PROSTIGMINE. Carbamic acid, N,N-dimethyl-3-dimethyl- 


aminophenyl ester methosulfate. 

PnorECTIVE Tıme. Elapsed time prior to penetration of per- 
meable fabric as measured by laboratory tests. 

PVA. Polyvinyl alcohol. 

Q. 1,2-bis(8-Chloroethylthio)ethane. Sesqui mustard. 

RETENTION ErriciENcy. 100 minus the per cent of vesicant 
gas applied to fabric which penetrates. 

RH. Relative humidity. 

RH-195. 1,3-Dichloro-5,5-dimethylhydantoin. 

RHop.iex WC-9. A copolymer of ethyl acrylate and methyl 
acrylate dispersed in a 5 per cent aqueous emulsion. 

S. See HN2. 

S*. Radioactive sulfur. 

SALCOMINE. Salicylaldehyde ethylenediimine cobalt. 

SARIN. See MFI. 

SB. Substances arising in and imparting unique pharma- 
ecological properties to aged solutions of (A) HN2, and 
(B) HN2 chlorohydrin. [(A) methyl-6-hydroxyethylamine; 
(B) 1-methyl-1(8-hydroxyethyl)-ethylenimonium chloride. | 

SB-8. See TL 599. 

S.D. Test. See Spotted Dick. 
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Sotvesso No. 1. Hydrogenated naphtha, bp 93-135 C. 
(Standard Oil of New Jersey. ) 

SP-315. Alkali metal petroleum sulfonate. (Stanco, Inc.) 

Sporrep Dick Trst. British test for estimating protective 
properties of permeable fabrics. 

Surr *BnEAK". Complete failure of protective clothing due 
to exhaustion of protective capacity. 

S-210. 1,1'-Methylene-bis-(3-chloro-5,5-dimethylhydantoin ). 

S-221. 1,3-Dichloro-5,5-diphenylhydantoin. 

S-222. 1,3-Dichloro-5,5-diphenyl-2-iminohydantoin. 

S-300. 1,3-Dichloro-5,5-diphenyl-2-chloroiminohydantoin. 

S-328. 7,8-Diphenyl-1,3,4,6-tetrachloroglycoluril. 

S-330. 7,8-Diphenyl-1,3,4,6-tetrachloro-2, 5-diiminoglycoluril. 

S-426. 7,8-Diphenyl-1,3,4,6-tetrachloro-2,5-bis(chloroimino )- 


glycoluril. 

S-436. 2,4-bis( Dichloroamino)-6-phenyl-1,3,5-triazine. 

S-461. 7,8-Dimethyl-1,3,4,6-tetrachloroglycoluril. 

S-330. PROTECTIVE OINTMENT. Ointment having following 
composition: 25 per cent S-330, 4 per cent cellulose acetate 
butyrate, 9 per cent titanium dioxide, 9 per cent magnesium 
stearate, 52 per cent triacetin, 0.8 per cent Sulfanthrene 
Brown G, and 0.2 per cent Monastral Fast Green G. 

T. bis(8-Chloroethylthioethyl) ether. 

T-144. See MFI. 

T-773. See HN3. 


T-1024. 
T-1035. 
T-1036. 
T-1123. 
T-1202; 
T-1317. 
T-1377. 
T-1703. 
T-1708. 
T-1790. 
T-1824. 
T-1835. 
T-1840. 
T-1904. 
T-1957. 
T-2002. 
T-2104. 
T-2106. 
T-2109. 
Lor O: 


TABUN. 


TAMOL 


See HN2. 
See PF-1. 
See TL 345. 
See TL 1217. 
See AF-1. 
See F-5. 

See F-5. 

See PF-3. 
See TL 1071. 
See HN1. 
Evans blue dye. 
See TL 1266. 
See TL 941. 
See FE. 

See 1080. 
See TL 792. 
See MCE. 
See MFI. 
See TL 1620. 
Theater of Operation. 
See MCE. 


NNO. Naphthalene formaldehyde sodium sulfonate. 


TCA. Trichloroaniline. 

TCE. Tetrachloroethane. 

TG. Thiodiglycol [bis(6-hydroxyethyl) sulfide |. 
TL 70. See F-5. 


TL 138. 
TL 145. 
TL 146. 
TL 301. 
RALL 
TL 329. 


Sulfur hexafluoride. 

See HN3. 

See HN2. 

Isopropyl 8. Isopropyl-bis(8-chloroethyl)amine. 
See PF-1. 

See HNI. 


TL 345, 
TL 466. 
IDISASÍ, 
TL 510. 


T-1036. Diethyl fluorophosphate. 

See PF-3.- 

n-propyl S. Propyl-bzs(8-chloroethyl)amine. 
See H-2TG. 


TL 551. See AF-1. 
TL 599, SB-8. (3-Isopropyl-4-dimethylaminophenyl)-N,N- 
dimethylcarbamate methiodide. 


OCON(CH;)z 
I(CH3)3N 


CH(CH3) 


TL 741. See FE. 

TL 792, T-2002. bis(Dimethylamido) phosphoryl fluoride. 

TL 869. See 1080. 

TL 941, T-1840. Dicyclohexyl fluorophosphate. 

TL 1071, T-1708, *Haworth Compound." (2-Methyl-5-di- 
methylaminophenyl)-N-methylearbamate methiodide. See 
text, page 204. 

TL 1185. See text page 204. 

TL 1186. See text page 204. 

TL 1188. See text page 204. 

TL 1216, *Haworth Isomer." (4-Methyl-3-dimethlyamino- 
phenyl)-N-methylearbamate methiodide. See text page 204. 

TL 1217, T-1123, AR-16. m-Diethylaminophenyl-N-methyl- 
carbamate methiodide. See text page 204. 

TL 1236. See text page 204. 

TL 1266, T-1835. Di-sec-butyl fluorophosphate. | 

TL 1299. m-Diethylaminophenyl-N-methylearbamate metho- 
chloride. See text page 204. 

TL 1317. See text page 204. 

TL 1453. See text page 204. 

TL 1578. See MCE. 

TL 1618. See MFI. 

TL 1620, T-2109. Isopropyl ethanefluorophosphonate. 

T of O. Theater of Operation. 

TricHLoro-H. 1, 2,2’-Trichlorodiethyl sulfide. 

Tritons. German liquid preparations (MCE) of PF series. 
Alkyl ceyanamidophosphates and alkyl fluorophosphonates. 

Triton 770. Sodium aryl alkyl polyether sulfate. 

Triton N-100. Polyethyleneglycol octylphenyl ether. (Rohm 
& Haas Co.) 

TU. Toxicity unit representing a value for the dose cor- 
responding to a mean survival time of 24 hr. (See Section 
1270317) 

“Twick’”’ CELLS. A kind of "irritation" cell. 

UTCL. University of Chicago Toxicity Laboratory. 

V. 1-Methyl-1-(8-hydroxyethyl) ethylenimonium picrylsul- 
fonate. 

VMD. Volume median diameter. 

vOL'. Saturation concentration (volatility) in mg per liter at 
tC. 

vp‘. Vapor pressure in mm Hg at ¢ C. 

W. Ricin. 

WHETLERIZE. Treatment of activated carbon for use in canis- 
ters with chemicals to increase protection against nonper- 
sistent agents. 

XXCC-2. Micronized CC-2. 

XXCC-3. CC-2 micronized with ZnO 100/10. 

Z. See F-5. 

Z of I. A “Zone of Interior” plant for the impregnation of 
garments with a tetrachloroethane solution of a chloroamide 
impregnite. (CWS.) 
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I. 1-Methyl-1(8-chloroethyl) ethylenimonium chloride. fonate. 
II. 1-Methyl-1-(8-chloroethyl) ethylenimonium picrylsul- 1070. See HN3. 
fonate. 1080, TL 869, T-1957. Sodium fluoroacetate. 
III. Methyl-8-chloroethyl-8-hydroxy-ethylamine hydrochlo- 1120. See F-5. 
ride. 1130. See HN2. 


IV. 1-Methyl-1-(6-hydroxyethyl) ethylenimonium chloride. 1149. See HN1. 
V. 1-Methyl-1-(6-hydroxyethyl) ethylenimonium picrylsul- 1152. See PF-3. 
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Numbers such as Div. 9-323.2-M1 indicate that the document listed has been microfilmed and that its title appears in the 
microfilm index printed in a separate volume. For access to the index volume and to the microfilm, consult the Army or 


Navy agency listed on the reverse side of the half-title page. 


EXPLANATORY NOTES FOR BIBLIOGRAPHY 


The usual sequence in which the references for each chapter 
are listed is as follows: 


OSRD REPORTS 


1. Formal. Listed systematically according to number. 
2. Informal. Listed according to the contract under which 
they were prepared. 

The contracts are arranged as follows: 


a. NDCre — contracts in order of increasing number. 
b. OEMsr — contracts in order of increasing number. 
e. OEMemr — contracts in order of increasing number. 


3. Miscellaneous. All items originating with contractors are 
arranged as in the case of formal reports. Other items (e.g., 
those written by Division Members or Technical Aides) 
follow. 


UNITED STATES ARMY REPORTS 


1. Chemical Warfare Service (CWS). In most instances the 
numerous series of reports are listed in the following order: 


a. CMTR (Captured Matériel Technical Report). 

b. CMTR-MIT (Captured Matériel Technical Report) 
from the Chemical Warfare Service Development Lab- 
oratory at the Massachusetts Institute of Technology. 

c. DPGFPR (Dugway Proving Ground Field Progress 
Report). 

d. DPGMR (Dugway Proving Ground Memorandum Re- 
port). 

e. DPGSR (Dugway Proving Ground Special Report). 

EACD (Edgewood Arsenal Chemical Division Report). 

EAMRD (Edgewood Arsenal Medical Research Division 

Report). 

EATR (Edgewood Arsenal Technical Report). 

Field Laboratory Memoranda. 

HR(EA). (Edgewood Arsenal Hospital Report. ) 

. MD(EA)MR. [Medical Division (Edgewood Arsenal) 

Memorandum Report. | 

l. MD Rept., or Med. Div. Rept. [Medical Division 
(Edgewood Arsenal) Report. | 

m. MIT-MR (Memorandum Report from the Chemieal 
Warfare Service Development Laboratory at the Massa- 
chusetts Institute of Technology). 

n. MRL(DPG) Rept. [Medical Research Laboratory ( Dug- 
way Proving Ground) Report. | 

o. MRL(EA) Rept. [Medical Research Laboratory (Edge- 
wood Arsenal) Report. ] 

p. SJ Rept. (San José Project Report. ) 

q. TDMR [Technical Division (Edgewood Arsenal) Memo- 
randum Report ]. 

r. TRLR [Toxicological Research Laboratory (Edgewood 
Arsenal) Report |. 


UN. D? 


prs bade ED 





un 


Chemical Laboratory Company Reports. 

t. DPG Inf. Rept. (Dugway Proving Ground Informal 
Report.) 

u. MD Inf. Rept., or Med. Div. Inf. Rept. (Medieal Divi- 
sion Informal Report.) 

v. MRL(DPG) Inf. Rept. [Medical Research Laboratory 
(Dugway Proving Ground) Informal Report. | 

w. MRL(EA) Inf. Rept. [Medical Research Laboratory 
(Edgewood Arsenal) Informal Report. ] 

x. TRL(EA) Inf. Rept. [Toxicological Research Labora- 
tory (Edgewood Arsenal) Informal Report. ] 

y. Chemical Warfare Service Contractors’ réports. 

Miscellaneous Chemical Warfare Service Reports and 

Memoranda. 


N 


2. Miscellaneous United States Army Reports. 


UNITED STATES NAVY REPORTS 


1. Bureau of Aeronautics. 

2. Naval Research Laboratory. The formal reports bear a 
P-number and are listed first. They are followed by letters and 
memoranda bearing Navy identification numbers and dates. 


UNITED STATES PUBLIC HEALTH 
SERVICE REPORTS 


UNITED STATES DEPARTMENT OF 
INTERIOR REPORTS 


OFFICE OF STRATEGIC SERVICES REPORTS 


UNITED STATES — UNITED KINGDOM 
REPORTS 


Most of these originated with the Project Coordination 
Staff (PCS) at Edgewood Arsenal. In some chapters they are 
listed as Chemical Warfare Service Reports because of the 
administrative affiliation of the Staff with the Chief of the 
Service. 


BRITISH REPORTS 


1. Chemical Defence Experimental Station (Porton). The 
several series of reports are listed in the following order: 


a. Porton Memoranda. 

b. Porton Reports. 

c. Porton Departmental Reports. 

d. Ptn. Porton "letters" identified by a number and fol- 
lowed in parentheses by a letter and a second number. 
The first number is a general reference number; the letter 
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indicates the year in which the “letter” was written; the 
second number is a specific reference number for the 
"letter." 
2. Research Establishment, Sutton Oak (S.O.). 
3. Extramural Research. The reports are listed according to 
institution and principal investigator. They are usually char- 
acterized by a report number assigned by the investigator 
and/or a diagnostic British Chemical Board reference con- 
sisting of a letter indicating the year in which the report was 
circulated (e.g., W = 1942; Y = 1948) followed by a number. 
4. Miscellaneous. 


CANADIAN REPORTS 


1. Experimental Station, Suffield, Alberta. The reports are of 
several series, including Suffield Technical Minutes, Suffield 
Reports, and Suffield Field Reports. 

2. National Research Council Laboratories, Ottawa. 

3. Chemical Warfare Laboratories, Ottawa. 

4. Extramural Research. 

5. Miscellaneous. 


AUSTRALIAN REPORTS 


Most of these originated at the Chemical Defence Board, 
Research and Experimental Station, Innisfail, Queensland, or 
the Australian Field Experimental Station, Proserpine, 
Queensland, and bear the designation CD (Australia) Re- 
port or Note. 


INDIAN REPORTS 


Most of these originated at the Chemical Defence Research 
Establishment, Rawalpindi, and bear the designation 
CDRE (India) Report or Note. 


OPEN LITERATURE 


References to books and journal articles are arranged 
alpbabetically by author. 


IDENTIFICATION SYMBOLS 


TL numbers are Toxicity Laboratory (University of Chi- 
cago) code numbers. 

T numbers are the British and Canadian code. 

AR numbers refer to the Aeschlimann and Reinert publi- 
cation. (Reference 49 of Chapter 13.) 

SB numbers refer to the Stevens and Beutel publication. 
(Reference 53 of Chapter 13.) 


Chapter 1 


UNITED STATES — UNITED KINGDOM 
REPORTS 


1. Project Coordination Staff (Edgewood Arsenal) Rept. 
No. 9. Résumé of Recent Knowledge on the Technical Aspects 
of Chemical Warfare in the Field, May 17, 1945. 

2. The Relative Effectiveness of HE and CW Munitions for the 
Production of Casualties Among Military Personnel in the 
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Field. Final Report for the United States — United 
Kingdom — Canadian Chemical Warfare Advisory Sub- 
Committee, by W. D. Walters, and others, July 20, 1944. 


OPEN LITERATURE 


3. Fries, A. A., and C. J. West. Chemical Warfare. McGraw- 
Hill, New York, 1921 (page 169). 


Chapter 2 


OSRD FORMAL REPORTS 


1. OSRD 571. Stability of Cyanogen Chloride. Constants for 
Various Charcoals with Cyanogen Chloride. Preparation of 
Cyanogen and Nitroxyl Chloride, W. M. Latimer, Uni- 
versity of California, April 14, 1942. 

2. OSRD 1432. Hydrocyanic Acid Toxicity Studies, by J. M. 
Coon, Howard Glass, L. S. Sonkin, and C. C. Lushbaugh, 
University of Chicago, May 18, 1943. Div. 9-323.2-MI 

3. OSRD 5001. Cyanogen Chloride: Special Toxicity Studies, 
by J. M. Coon, George J. Rotariu, and Drusilla Van 
Hoesen, University of Chicago, April 28, 1945. 

Div. 9-323.1-M2 

4. OSRD 54907. Stabilization of CK, by Morris S. Kharasch, 
University of Chicago, August 21, 1945. 

Div. 9-223.1-M8 


OSRD INFORMAL REPORTS 


5. Contraet NDCre-113, University of Southern California, 
Anton B. Burg. 

a. Informal Report 10.3B-25, July 15, 1943. 

Div. 9-223.3-M2 
b. Informal Report 10.3B-30, August 15, 1943. 

Div. 9-223.3-M2 
c. Informal Report 10.4-34, September 15, 1943. 

Div. 9-223.3-M2 
d. Informal Report 10.4-37, October 14, 1943. 

Div. 9-223.3-M2 
e. Informal Report 10.4-39, November 15, 1943. 

Div. 9-223.3-M2 
f. Informal Report 10.4-44, December 14, 1943. 

Div. 9-223.3-M2 
g. Informal Report 10.4-47, January 15, 1944. 

Div. 9-223.1-M1 
h. Informal Report 10.4-50, February 14, 1944. 

Div. 9-223.1-M1 
i. Informal Report 10.4-52, March 13, 1944. 

Div. 9-223.1-M1 
j. Informal Report 10.4-58, April 15, 1944. 

Div. 9-223.1-M1 
k. Informal Report 10.4-61, May 15, 1944. 

Div. 9-223.3-M2 
l. Informal Report 10.4-66, June 15, 1944. 

Div. 9-223.1-M1 
m. Informal Report 10.4-68, July 15, 1944. 

Div. 9-223.1-M1 
n. Informal Report 10.4-70, August 15, 1944. 

Div. 9-223.1-M1 
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10. 


11. 


12. 


o. Informal Report 10.4-72, September 15, 1944. 
Div. 9-223.1-M1 
p. Informal Report 10.4-76, October 14, 1944. 
Div. 9-223.1-M1 
q. Informal Report 10.4-78, November 15, 1944. 
Div. 9-223.1-M1 
r. Informal Report 10.4-79, December 14, 1944. 
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Ptn.2820( T.9506A). Comparison of the Effects of H and 
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290. Diphenylcyanoarsine 


a. 
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BIBLIOGRAPHY 


689 





Mitchell, L. N. Owen and G. Shaw, April 21, 
1944. 
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c. (Z.7186). The Difluorarsines, by L. H. Long, Au- 
gust 8, 1944. 
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d. (W.2354). The Clinical Course of Lewisite Lesions 


of the Rabbit’s Eye, by Ida Mann, A. Pirie and 
B. D. Pullinger, May 8, 1942. 


. (W.9282). Interim Report on the Action of DTH 
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Report No. 52 (V.20711). The Chemistry and 
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Storey, May 15, 1943. 

b. (Y.14529). Histopathological Changes in Rabbits 
after Contamination with Phenyldichloroarsine, by 
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and DC. V. Cyanoformyl Chloride, by A. R. Todd, 
December 9, 1940. 

Report No. 11 (U.21679). Investigation of the Double 
Diazotization Process for the Manufacture of DA 
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NDCre-4 
NDCre-6 
NDCre-7 
NDCrce-10 
NDCre-16 
NDCrc-17 
NDCrce-19 
NDCre-39 
NDCre-43 
NDCre-48 
NDCrc-61 
N DCre-72 
NDCre-89 
NDCrce-132 


NDCrce-134 
NDCre-136 


NDCrc-151 


NDCrce-169 


NDCrc-172 
OEMsr-48 
OEMsr-62 


OEMsr-78 


OEMsr-79 


OEMsr-80 


OE Msr-85 


OEMsr-86 


OE Msr-87 
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(See OEMsr-394) 
(See OEMsr-304) 
(See OEMsr-135) 
(See OEMsr-136) 
(See OEMsr-85) 
(See OEMsr-372) 
(See OEMsr-97) 
(See OEMsr-87) 
(See OEMsr-161) 
(See OEMsr-300) 
(See OEMsr-97) 
(See OEMsr-301) 
(See OEMsr-312) 
University of Chicago 
Chicago, Ill. 


(See OEMsr-79) 
Harvard University 
Cambridge, Mass. 


Rockefeller Institute for 
Medical Research 
New York, N. Y. 
Harvard University 
Cambridge, Mass. 


(See OEMsr-139) 

(See OEMsr-300) 

Rockefeller Institute for 

Medical Research 

New York, N. Y. 

(See OEMsr-304) 

University of Chicago 
Chicago, Illinois 


(See OEMsr-372) 
University of Nebraska 
Lincoln, Nebraska 


Harvard University 
Cambridge, Mass. 


University of Chicago 
Chicago, Ill. 


Studies and experimental investigations in connection with the vesicant 
action of certain chemical warfare materials as lung irritants; the de- 
termination of the toxicity and irritant action of all types of chemical 
warfare agents, and, upon request, the undertaking of further studies 
and experimental investigations of the preparation and properties of 
chemical substances for military or naval application. 


Studies and experimental investigations in connection with the preparation 
of Lewisite and radioactive sulfur and arsenic compounds; the mechanism 
of the action of various decontaminants upon Lewisite and mustard gas; 
a search for a non-corrosive decontaminant; the inter-conversion of 
Lewisite isomers together with the preparation of new analogs of Lew- 
isite; the factors affecting the field use of chemical warfare agents; the 
synthesis, stability, and mechanism of action of non-volatile toxic agents 
and other agents; insecticides and insect repellents. 

Studies and experimental investigations in connection with biological 
methods for detection of persistent chemical agents. 


Studies and experimental investigations in connection with the physiologi- 
cal action of mustard gas, beta halogen sulfides, and Lewisite by means of 
radioactive sulfur and arsenic; the determination of the course of action 
of chemical warfare agents through the use of radioactive tracers; the 
physiological mechanisms involved in the production of injury by flame 
thrower attack. 


Studies and experimental investigations in connection with methods of 
immunization against the action of certain war gases. 


Studies and experimental investigations in connection with methods for 
the detection of mustard gas and other persistent agents; the preparation 
of certain reagents for test purposes; the development of a complete 
gas detector kit; the factors affecting the field use of chemical warfare 
agents, and methods for detection and analysis of insecticides. 


Studies and experimental investigations in connection with the preparation 
of organie arsenicals; the preparation of certain toxic agents and the 
synthesis of therapeutic intermediates. 

Studies and experimental investigations in connection with the range of 
combination of vesicants with biological materials; the physiological 
chemistry of the local and systemic actions of chemical warfare agents. 

Studies and experimental investigations in connection with the detection 
of certain persistent chemical agents; development of quantitative 
methods of analysis of all types of war gases; colorimetric methods of 
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Contract 
Numbers 


OEMsr-94 
OEMsr-97 


OEMsr-109 
OEMsr-114 
OEMsr-123 


OEMsr-129 


OEMsr-134 
OEMsr-135 


OEMsr-136 


OEMsr-139 


OE Msr-144 


OE Msr-159 


OE Msr-161 


OEMsr-162 


OEMsr-195 


Contractor 


(See OEMsr-532) 
Iowa State College 
Ames, Iowa 


(See OEMsr-593) 

(See OEMsr-394) 

Washington University 
St. Louis, Missouri 


Rockefeller Institute for 
Medical Research 
New York, N. Y. 


(See OEMsr-139) 
Northwestern University 
Evanston, Ill. 


Leland Stanford Junior 
University 


Stanford University, Calif. 


University of Virginia 
Charlottesville, Va. 


Cornell University Medical 
College, 
New York, N. Y. 


Pennsylvania State College 
State College, Penna. 
Ohio State University 
Research Foundation 
Columbus, Ohio 
Ohio State University 
Research Foundation 
Columbus, Ohio 
Indiana University 
Bloomington, Indiana 


Subject 


analysis; the improvement of detector papers; the development of 
detectors, primarily of the silica gel type; and all analytical procedures 
which should be considered for field laboratories. 


Studies and experimental investigations in connection with the preparation 
of organo-metallic compounds of possible use as weapons of war, including 
flame throwers; organo-cadmium, phosphorus, and chromium compounds 
as chemical warfare agents; organic borine derivatives and other or- 
vano-metallic compounds to affect adversely the canister ingredients; 
factors affecting the field use of chemical warfare agents; the preparation 
and properties of non-volatile toxic agents and the synthesis of thera- 
peutic agents and intermediates. 


Studies and experimental investigations in connection with the effect of 
vesicants on the enzyme system of the skin and its relation to patho- 
logical lesions; the pharmacological effects of chemical warfare agents 
and their actions on enzyme systems. 

Studies and experimental investigations in connection with the isolation of 
tissue enzymes acted on by vesicants and other aspects of vesicant- 
enzyme chemistry, and the investigation of methods for the detection 
and identification of war gases, and factors affecting the field use of 
chemical warfare agents. 


The reaction between mustard gas and decontaminating agents, other 
chemistry of these decontaminating agents, and the discovery of non- 
corrosive decontaminants for mustard gas; the removal of the residual 
odor after destruction of mustard gas by weathering or by decontamina- 
tion; the synthesis of certain compounds requested by the CMR and 
CWS; factors affecting the field use of chemical warfare agents, and the 
synthesis of therapeutic intermediates. 

Studies and experimental investigations in connection with the preparation 
of not less than six and not more than twelve hydrocarbons used in 
lubrication studies; the preparation of non-arsenical and non-antimonial 
sternutators and unsaturated toxic agents, certain synthetic products 
related to V, and preparation of candidate insect repellents. 

Studies and experimental investigations in connection with the development 
of a test for mustard; the reactions between persistent chemical agents 
and certain inorganic ions; dyes for detector paint; methods for detecting 
extremely low concentrations of carbon monoxide; looking toward the 
development of a compact simple instrument for the detection of carbon 
monoxide at concentrations of 0.005% or less, and factors affecting the 
field use of chemical warfare agents. 

Studies and experimental investigations in connection with the combination 
of halogenated thioethers with proteins and other tissue constituents; to 
determine how mustard gas combines with proteins and nucleoproteins; 
to attempt to discover an immunization agent against mustard gas; a 
study of the biochemistry of the action of the sulfur containing vesicants. 

Studies and experimental investigations in connection with the preparation 
of fluorocarbons by methods involving the direct fluorination of carbon. 

The synthesis of esters for use in investigation of lubrication, and the 
preparation of certain nitrogen-containing chemical warfare agents. 


Studies and experimental investigations in connection with the preparation 
of fluorocarbons and a study of their properties. 


Studies and experimental investigations in connection with the synthesis 
of compounds related to urushiol, laccol, rhengol, thitsiol and other 
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Contract 
Numbers 


OE Msr-209 


OEMsr-214 
OEMsr-222 
OEMsr-223 


OEMsr-237 


OEMsr-276 
OEMsr-300 


OEMsr-301 


OEMsr-304 


OEMsr-312 


OEMsr-313 


OEMsr-319 


OEMsr-325 
OEMsr-332 
OEMsr-361 


OEMsr-371 


780 


Contractor 


Wesleyan University 
Middletown, Conn. 

(See OEMsr-532) 

(See OEMsr-394) 

State University of Iowa 
Iowa City, Iowa 


Cornell University 
Ithaca, New York 


(See OEMsr-593) 
University of Illinois 
Urbana, Illinois 


Ohio State University 
Research Foundation 
Columbus, Ohio 


University of Wisconsin 
Madison, Wisconsin 


University of Missouri 
Columbia, Missouri 
Rockefeller Institute for 

Medical Research 
New York, N. Y. 


University of Rochester 
Rochester, New York 


California Institute of 
Technology 
Pasadena, Calif. 
Johns Hopkins University 
Baltimore, Maryland 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


Purdue Research Foundation 
Lafayette, Indiana 


Subject 


natural vesicants; the preparation of amines which dimerize to choline- 
like derivatives; the preparation of highly toxic agents. 

Studies and experimental investigations in connection with the synthesis 
of compounds related to urushiol, laccol and other natural vesicants. 


Studies and experimental investigations in connection with the properties 
of nitrogen trichloride, including a study of its desensitization; prepara- 
tion of various intermediates for use in the synthesis of explosives, war 
gases, and prophylactie agents; the preparation of various war gases, 
and, more particularly, a study of 1070, 1130, and their homologues; 
conduct a study of factors affecting the field use of chemical warfare 
agents. 

Studies and experimental investigations in connection with the preparation 
of polyfluorinated hydrocarbons and to furnish various samples thereof 
for evaluation as lubricants. 


Studies and experimental investigations in connection with the preparation 
of certain derivatives of aniline, and not less than eight and not more than 
fourteen substances specifically agreed upon; stabilization and storage of 
mustard gas; the reaction between mustard gas and decontaminating 
agents; preparation of a variety of chemical agents containing nitrogen, 
sulfur, halogen and arsenic; synthesis of therapeutic intermediates; the 
interpretation of data on synthetic, analytical and inorganic problems 
including protective agents and fabrics. 

Studies and experimental investigations in connection with the develop- 
ment of test papers for persistent chemical agents; synthetic inorganic 
problems, and the development of procedures for the analysis of arseni- 
cals. 

The preparation of a benzyl bromide derivative and not less than six and 
not more than twelve other compounds specifically agreed upon by the 
contractor and the Committee; the preparation of various synthetic 
compounds requested by the Armed Services; the preparation and utiliza- 
tion of protective and toxic agents; a study of decontamination, and the 
synthesis of therapeutic intermediates. 

The detection and analysis of smokes. 


Studies and experimental investigations in connection with the action of 
vesicants on protein constituents and intracellular proteolytic enzymes; 
chemistry of the reactions of chemical warfare agents with special refer- 
ence to the reactions with the functional groups characteristic of 
living tissues. 

Studies and preliminary investigations in connection with a method for the 
detection of Compound 1120; methods for the detection of chemical 
warfare agents and the development of new arsenical detectors suitable 
for use on silica gel and in papers and factors affecting the field use of 
chemical warfare agents. 

Studies and experimental investigations on a systematic analysis of 
chemical warfare agents, and the development of practical methods for 
their use; the factors affecting the field use of chemical warfare agents. 

Studies and experimental investigations in connection with the preparation 
of fluoro-carbons by methods involving the direct fluorination of carbon 
and the fluorination of hydrocarbons. 

Studies and experimental investigations in connection with the retarding 
of deterioration in certain types of impregnated fabrics; development of 
permeable gas-protective fabries. 

Studies and experimental investigations in connection with the reaction of 
nitrogen tetroxide with olefins. . 
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Contract 
Numbers 


OE Msr-372 


OE Msr-374 
OEMsr-375 
OEMsr-377 


OEMsr-394 


OEMsr-434 


OEMsr-439 
OEMsr-456 
OEMsr-469 


OEMsr-532 


OEMsr-549 


OEMsr-556 


OEMsr-559 


OEMsr-564 
OEMsr-574 


OEMsr-575 


Contractor 


University of Minnesota 
Minneapolis, Minn. 


(See OEMsr-715) 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


University of Chicago 
Chicago, Ill. 


Rockefeller Institute for 
Medical Research 
New York, N. Y. 


Eastman Kodak Co. 
Rochester, N. Y. 

University of California 
Berkeley, California 

University of Illinois 
Urbana, Ill. 

Johns Hopkins University 
Baltimore, Maryland 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


New York University 
New York, N. Y. 


Rohm and Haas Company, Inc. 
222 West Washington Square 
Philadelphia, Penna. 


(See OEMsr-300) 
E. I. duPont de Nemours & Co. 
Wilmington, Del. 


Rohm and Haas Company, Inc. 


222 West Washington Square 
Philadelphia, Penna. 





Subject 


Studies and experimental investigations in connection with hydrocarbons 
used in lubrication studies, ete.; the preparation of certain amido com- 
pounds for use in connection with the synthesis of new impregnites; 
a study of photo-oxides; the preparation of various derivatives of 
acrylonitrile, and the preparation of candidate insect repellents. 


Studies and experimental investigations in connection with special fabrics 
for protection against chemical warfare agents. 

Studies and experimental investigations in connection with the preparation 
of DTH and related compounds; preparation of BAL and related pro- 
tective and therapeutic agents for war gases. 

The preparation of certain nitrogen-containing chemical warfare agents 
and antivesicant agents; the decomposition of diphosgene into phosgene; 
the preparation of phosphorus and arsenic analogs of pyridine. 

Studies and experimental investigations in connection with the development 
of an accurate method for the application of chemical warfare and thera- 
peutic agents to the skin; the degree and the mechanism of the vesicant 
action of mustard and related agents, and a study of factors affecting the 
field use of chemical warfare agents. 

Studies and experimental investigations in connection with the develop- 
ment of special fabrics for protection against chemical warfare agents. 
Studies and experimental investigations in connection with a radiographic 

evaluation of skin sections. 

A study of aromatic fluorine compounds. 


Studies and experimental investigations in connection with the mechanism 
of action of vesicants on the chemical constituents of tissues; a study of 
the hydrolysis of war gases in the liquid phase and of other related 
physical chemical properties; measurements of reaction, solubilities, 
and other properties bearing on the action and penetration of chemical 
warfare agents. 

Studies and experimental investigations in connection with the production 
of chemical warfare agents from olefins and other unsaturated com- 
pounds; synthesis of chemical warfare toxic and vesicant agents. 

Studies and experimental investigations in connection with the pharma- 
cology of 1070 and allied compounds; pharmacology and pathology and 
factors affecting the field use of chemical warfare agents; consultation 
with persons eminent in their respective fields of endeavor in connection 
with a survey of the possibilities and the formulation of plans for further- 
ing the progress of medicine and related sciences. 

Studies and experimental investigations in connection with evaluating the 
efficiency of fabrics impregnated with certain materials against various 
chemical agents, involving both routine testing and development of new, 
improved methods of testing. 


Studies and experimental investigations in connection with new methods 
for synthesizing nitrogen-containing vesicants and of agents for affecting 
eyes; the preparation of various alkanolamines by procedures which do 
not require the use of the corresponding alkylene oxides and to make 
such surveys of the process as may be needed to determine the commer- 
cial feasibility of these methods. 

Studies and experimental investigations in connection with research and 
development on permeable protective clothing containing absorbents; 
preparation of impregnated fabrics, particularly those impregnated by 
activated carbon, and to obtain suitable binders for retaining the carbon, , 
in an activated condition, in the cloth; development and testing of 
permeable fabrics designed to provide protection against vesicant 
chemical agents. 
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Contract 
Numbers 


OEMsr-585 


OEMsr-593 


OEMsr-607 


OEMsr-644 


OEMsr-655 


OEMsr-656 


OEMsr-670 


OEMsr-674 


OEMsr-681 


OEMsr-699 


OEMsr-703 


OEMsr-714 


182 


Contractor 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


University of Illinois 
Urbana, Ill. 


University of Illinois 
Urbana, Ill. 


Commercial Solvents Corp. 
Terre Haute, Ind. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


Leeds and Northrup Co. 
4901 Stenton Avenue 
Philadelphia, Penna. 

Arnold O. Beckman 
South Pasadena, Calif. 


Johns Hopkins University 
Baltimore, Maryland 


Washington University 
St. Louis, Missouri 
California Institute of 
Technology 
Pasadena, Calif. 
Leeds and Northrup Company 
4901 Stenton Avenue 
Philadelphia, Penna. 


Subject 


Studies and experimental investigations in connection with the decon- 
tamination of painted surfaces which have been exposed to chemical 
warfare agents; the development of new means for decontaminating 
inanimate objects which have been contaminated with chemical warfare 
agents, including means for decontaminating protective clothing con- 
taining activated carbon. 

Studies and experimental investigations in connection with the develop- 
ment of methods of analysis and detection of chemical warfare agents in 
water and methods for their removal or neutralization; the construction 
and operation of a pilot plant for the purpose of determining the appli- 
cability of purification reactions under practical conditions; the develop- 
ment of methods for the quantitative determination of antivesicants in 
fabrics; the design of two types of field kits for the detection and identi- 
fication of toxic agents in water supply; isolation of products of hydrolysis 
of toxic agents and of products obtained upon the addition of decontam- 
inating agents; factors affecting the field use of chemical warfare agents; 
the synthesis of therapeutic intermediates and a study of the metabolism 
of antimalarials. 

Studies and experimental investigations in connection with the preparation 
of boron compounds of possible use as chemical warfare agents; the 
resolution of BAL. 

Studies and experimental investigations in connection with the develop- 
ment of processes for the production of a certain chemical compound 
known as 8-461 and especially the installation of a pilot plant for such 
manufacture; the experimental operation of such pilot plant and the 
production of at least 10,000 pounds of S-461; a study of methods of im- 
proving such manufacture, and the development of methods for the prep- 
aration of diacetyl and related compounds including their chlorination. 

Studies and experimental investigations in connection with processes for 
the production of impregnites. 

Studies and experimental investigations in connection with the preparation 
of raw materials for chemical warfare agents, and more particularly a 
study of the preparation of arsenic trichloride using HCl as a source of 
chlorine, and the erection and operation of an AsCl; pilot plant using the 
hydrogen chloride process; the beneficiation of arsenic ores as a source of 
arsenic chloride; the preparation of sulphur chloride without the use of 
elemental chlorine; the production of thionyl chloride; the stabilization 
of sulphur trioxide; studies on a modified process for the preparation of 
AsCl; from erude As;O; and sulfur monochloride; the corrosion of metals 
by chemical warfare agents. 

Studies and experimental investigations in connection with the develop- 
ment of a direct-indicating carbon monoxide instrument. 


Studies and experimental investigations in connection with the develop- 
ment of à carbon monoxide-indicating instrument for low concentrations 
of carbon monoxide in air; development of indicating instruments for 
determining low concentrations of noxious gases in air. 

Studies and experimental investigations in connection with the preparation 
of “W” in various forms so that supplies will be available for test 
purposes. 

Studies and experimental investigations in connection with the extraction 
of natural products. 

Studies and experimental investigations in connection with the develop- 
ment of a spectrophotometric carbon monoxide-indicating instrument 
using hemoglobin. 

Studies and experimental investigations in connection with the develop- 
ment of model apparatus for quantitative determination of impregnites 
in clothing so that standardization tests can be made, and to construct a 





CONTRACT NUMBERS, CONTRACTORS, AND SUBJECTS OF CONTRACTS (Continued) 








Contract 
Numbers 


OEMsr-715 


OEMsr-720 


OE Msr-742 


OE Msr-750 
E 


OEMsr-753 


OE Msr-760 


OEMsr-761 


OEMsr-779 


OEMsr-813 


OE Msr-831 


OEMsr-835 
OEMsr-842 


OEMsr-843 


OEMsr-845 


Contractor 


University of Maryland 
College Park, Maryland 


Woonsocket Rayon Company 
Woonsocket, R. I. 


Merck & Co., Inc. 
Rahway, New Jersey 


Merck & Co., Inc. 
Rahway, New Jersey 


California Institute 
of Technology 
Pasadena, Calif. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


Kendal Company 
Walpole, Mass. 


Leeds and Northrup 


Philadelphia, Penna. 


Eastman Kodak Company 
Rochester, N. Y. 


Purdue Research Foundation 
Lafayette, Ind. 

Cornell University 
Ithaca, New York 

Procter & Gamble Co. 
Ivorydale, Ohio 


Monsanto Chemical Company 
Phosphate Division 
Anniston, Alabama 


Subject 


sufficient number of units of a selected satisfactory model to determine 
reproducibility of results obtainable. 

Studies and experimental investigations in connection with improvements in 
the preparation and handling of igniters for incendiary bombs; the prep- 
aration of reagents for the detection of arsenicals, and the development 
of methods for the detection of fluorine-containing compounds. 

Studies and experimental investigations in connection with methods for 
incorporating activated carbon into rayon fibres, or, more particularly, 
the dispersion of activated carbon in viscose prior to spinning, and related 
problems. 

Studies and experimental investigationsin connection with the development 
of processes for the production, on a pilot plant scale, of benzil and 
derivatives, or such compounds as are required for the preparation of 
impregnites; the development of a process suitable for the large scale 
production of chloroamide 8-330, or such compounds as are required for 
the preparation of impregnites. 

Studies and experimental investigations in connection with the preparation 
and testing of substances to be used as neutralizing or therapeutic agents 
for mustard burns. 

Studies and experimental investigations in connection with the determina- 
tion, by electron diffraction, of the molecular structure of chemical war- 
fare agents. 

Studies and experimental investigations.in connection with the develop- 
ment of a process for the preparation of BAL, and to equip, install, and 
operate a pilot plant which will yield 20 gallons of the finished mate- 
rial. 

A chemical study of certain steps involved in the synthesis of a certain 
chemical warfare agent; an engineering study looking toward its com- 
mercial production, and a study of its stability and storage. 

Studies and experimental investigations in connection with the develop- 
ment of agents and methods for binding activated carbon to cloth; a 
study of the preparation of fabries coated with activated carbon, and 
research on the evaluation of the fabrics produced. 

Studies and experimental investigations in connection with the develop- 
ment and construction of an automatically recording potentiometric 
apparatus for the determination of the amount of chemical warfare agents 
in air at low concentrations. 

Studies and experimental investigations in connection with the preparation 
of 200 pounds of E.D. by the lead tetraethyl process worked out by 
Kharasch. 

Studies and experimental investigations in connection with the preparation 
of thiodiglycol mustard. 

Studies and experimental investigations in connection with microscopic 
identification of chemical warfare agents and their derivatives. 

Studies and experimental investigations in connection with the semi-works 
production of ‘‘W” and, more particularly, methods of isolating and 
concentrating “W” from “WB” and the ultimate preparation, if 
possible, of about one hundred pounds of “W”; preparation of finely 
divided *W", either by grinding or direct precipitation, which will be 
suitable for dispersion from munitions; and engineering studies on both a 
laboratory and pilot plant scale to render practicable the use of com- 
mercially available castor bean pomace for the production of ‘‘W” on a 
large scale. 

A study of organic derivatives of phosphorus and preparation of five 
hundred pounds each of dimethyl and diisopropyl fluorophosphates, 
methyl fluoroacetate and fluoroethanol; conduct a study of laboratory 
and pilot plant procedures for the preparation of certain volatile and non- 
volatile chemical warfare agents. 
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Contract 
Numbers 


OE Msr-858 


OEMsr-869 


OEMsr-884 


OEMsr-901 


OE Msr-910 


OEMsr-913 


OEMsr-933 


OEMsr-935 


OEMsr-942 


OEMsr-1006 


OEMsr-1050 


OEMsr-1080 


OEMsr-1088 


OEMsr-1092 


OEMsr-1096 


OEMsr-1124 
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Contractor 


Merck & Co., Ine. 
Rahway, New Jersey 
Allied Chemical & Dye Corp. 
National Aniline Division 
New York, N. Y. 


Jos. Bancroft & Sons Co. 
Wilmington, Del. 


Columbia University 
New York, N. Y. 

Case School of Applied Science 
Cleveland, Ohio 


Shell Development Company 
100 Bush Street 
San Francisco, Calif. 


E. I. duPont de Nemours & Co. 
Wilmington, Del. 

Sayles Finishing Plants, Inc. 
Saylesville, R. I. 


Louisiana State University 
Agricultural and Mechanics 
College 

Baton Rouge, La. 

University of Maryland 

College Park, Maryland 
New York University 
New York, N. Y. 


E. I. duPont de Nemours & Co. 
Wilmington, Del. 


E. I. duPont de Nemours & Co. 
Wilmington, Del. 


University of Minnesota 
Minneapolis, Minn. 


American Cyanamid Company 
New York, N. Y. 

Merck & Co., Inc. 
Rahway, New Jersey 


Subject 


Studies and experimental investigations in connection with the preparation 
of 25 to 50 pounds of V. 

Studies and experimental investigations in connection with the nitrosation 
of methyl ethyl ketone and the preparation of certain specified CW 
agents, and the testing of the laboratory results by approximately twenty 
pilot plant trials. | 

Studies and experimental investigations in connection with the develop- 
ment of a method, for use on a plant scale, for the impregnation of fabric 
with activated carbon. 

Conduct immunochemical studies. 


Studies and experimental investigations in connection with the detection 
of chemical warfare agents in water and methods for their removal; 
operation of a small water plant to study the effectiveness of proposed 
procedures; design of two types of field kits for the detection and identi- 
fication of toxic agents in water supply; isolation of products of hydrolysis 
of toxic agents and of products obtained upon the addition of decontam- 
inating agents. e 

Studies and experimental investigations in connection with the develop- 
ment of a process for the production of diacetyl diureide by effecting the 
vapor phase catalytic oxidation of methyl ethyl ketone to diacetyl in the 
presence of a catalyst comprising cuprous oxide, and reacting the result- 
ing diacetyl with urea in the presence of an acid, and especially (1) the 
installation of a pilot plant for such studies, (2) the experimental opera- 
tion of such pilot plant, and (3) a study of the methods of improving such 
manufacture. 

Studies and experimental investigations in connection with the preparation 
of 500 pounds of ethyldichloroarsine by an improved process. 

Studies and experimental investigations in connection with the develop- 
ment of methods for producing, on a plant scale, permeable protective 
fabric containing activated carbon. 

Studies and experimental investigations in connection with the detection 
of chemical warfare agents in water and methods for their removal. 


Studies and experimental investigations in connection with the preparation 
of non-irritant anti-gas ointments. 

Studies and experimental investigations in connection with cellular and 
intracellular constituents with the object of elucidating the changes in 
physical chemical properties of such constituents associated with the 
action of chemical warfare agents; the composition and fractionation of 
crude W. 

Perform consulting work in connection with the preparation of W in a finely 
divided form suitable for dispersion as an aerosol and conduct laboratory 
tests on samples of W supplied to the Contractor for that purpose. 

Studies and experimental investigations in connection with the preparation 
of ethanedithiol looking toward the development of an economical and 
practical method which will have possibilities for enlargement to full 
plant scale. The work is expected to involve the preparation of certain 
quantities of ethanedithiol, which, it is estimated, will be 1500 to 2300 
pounds. 

Studies and experimental investigations in connection with the sensitivities, 
stabilities, and modifications of reagents in detector kits used by the 
Army and Navy, and new types of detectors for the kits or for other use. 

Studies and experimental investigations in connection with the preparation 
of new type chloroamides on a laboratory scale. 

Studies and experimental investigations in connection with the preparation 
of non-volatile chemical warfare agents. 
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Contract 
Numbers 


Contractor 


Subject 
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OEMsr-1157 


OEMsr-1280 


OEMsr-1282 


OEMsr-1303 


OEMsr-1504 


OEMsr-1307 


OEMsr-1327 


OEMsr-1359 


OEMsr-1362 


OEMsr-1383 


OEMsr-1464 


Monsanto Chemical Company 
St. Louis, Missouri 

Vanderbilt University 
Nashville, Tenn. 


Motion Picture Engineering Corp. 


2800 Cullom Street 
Chicago, Ill. 


University of Maryland 
College Park, Maryland 

Harvard University 
Cambridge, Mass. 

Ohio State University 

Research Foundation 

Columbus, Ohio 

American Viscose Corporation 
Wilmington, Del. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


E. I. duPont de Nemours & Co. 


Wilmington, Del. 


Remington Arms Company, Inc. 


Bridgeport, Conn. 
University of Pittsburgh 
Pittsburgh, Pa. 


Studies and experimental investigations in connection with the preparation 
of 8-330. 

Studies and experimental investigations in connection with the incorpora- 
tion of toxic compounds with resins and other materials in order to im- 
prove their effectiveness as warfare agents; the preparation of toxic agents 
and synthesis of antimalarials and their intermediates. 

Prepare working drawings of the tape recorder, developed under Contract 
OEMsr-79 with the University of Chicago, for the recording of vapor 
concentrations of chemical warfare agents in the field, and produce 100 
models thereof. 

Studies and experimental investigations in connection with a chemical 
investigation of insecticides and repellents. 

Studies and experimental investigations in connection with a chemical 
investigation of insecti@ides and repellents. 

Studies and experimental investigations in connection with a chemical 
investigation of insecticides and repellents. 


Studies and experimental investigations in connection with the preparation 
of carbon-viscose rayon yarn and the development of suitable methods 
of incorporating this yarn into knit and woven fabrics suitable for use by 
the Armed Services. 

Studies and experimental investigations in connection with gas generating 
and high energy compounds suitable for use as fuels in jet propulsion. 
Studies and experimental investigations in connection with formulations of 
DDT relating to its use as an insecticide and treatment of fabrics for 

control of insects. 

Studies and experimental investigations in connection with development of 
devices suitable for the dispersion of non-volatile materials. 

Studies and experimental investigations in connection with thermochemical 
measurements on substances of interest as propulsion fuels. 
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Service Project 
Number 


AC-59 
CWS-2 
CWS-3 
CWS-4 
CWS-6 
CWS-9 
CWS-13 
CWS-14 
CWS-21 


(Ext. 1) 


CWS-23 
CWS-24 
CWS-29 
CWS-32 
NA-174 
NL-B7 

NL-B8 

NL-B25 


NL-B27 


NL-B30 


NL-B31 
NL-B32 
NL-B33 


NL-B35 


NL-B41 
NO-1 60 
SG-6 
SG-7 


SERVICE PROJECT NUMBERS 


The projects listed below were transmitted to the Executive Secretary, 
NDRC, from the War or Navy Department through either the War De- 
partment Liaison Officer for NDRC or the Office of Research and In- 
ventions (formerly the Coordinator of Research and Development), 
Navy Department. 


Subject 


The Development of a Carbon Monoxide Detector for Aircraft. 

Study of the Theory of Toxicity. 

Synthesis of Organic Arsenical Compounds. 

Methods of Preparation of Certain Non-Arsenical Organic Compounds. 

Chemical Detection of Persistent Chemical Agents. 

Manufacturing Process for Lewisite. 

Catalyst for Prevention of Corrosion of Steel Containers by Liquid Vesicants. 

Methods of Analysis and Detection of Chemical Agents in Water and Methods of Purification of such Water. 
Investigation of the Physiological Effects from Radiant Heat and High Temperatures on Humans. 


The Formation of Flexible Films from Domestic Raw Materials. 

The Development of Protective Clothing. 

An Investigation of Non-Volatile Toxic Agents and Means for their Use. 

Toxic Chemicals for Insect and Rodent Control. 

Investigation of Gas Generating and High Energy Compounds. 

Preparation of Compounds for Study of Thin Films, Especially for Lubrication Problems. 

Preparation of Organic Compounds for Gasoline Studies. 

Develop a Test Suitable for Shipboard Use for Determining when Impregnated Clothing Has Lost Its Re- 
sistance to Mustard Gas. 

Develop and Prepare More Stable Compounds for Protective Clothing Giving Protection against Mustard and 
Lewisite with Particular Consideration to Stability under Conditions of High Temperatures and Humidity 
Combined with Salt Spray. 

Develop and Produce Suitable Compounds for Decontaminating Metal and Painted Surfaces Exposed to 
Mustard Gas and Lewisite. 

Investigation of the Reactions Between Gases such as Mustard and Lewisite and Protective Reagents. 

Determination of an Efficient and Simple Indicator for Detecting Mustard Gas in Low Concentrations. 

Develop Methods for Quantitative and Continuous Determination of Mustard Gas and Lewisite in Air Either 
in the Vapor Phase or with the Use of Suitable Absorbers. 

The Stability and Hydrolysis of Mustard Gas and L ewisite in Vapor Phase at High Humidities in Presence o 
Fog and in Presence of Salt Spray. 

Preparation of Fluorocarbons and Study of Their Properties as Possible Lubricants. 
Protection of Personnel Handling Enemy Explosives. 

Insect Repellents, Insecticides, and Larvicides. 

Malaria. 
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AC war gas 
see Hydrogen cyanide 
Acetylcholine, mustard poisoning role, 
446-447 
Aconitine, 204 
Adamsite preparation, 86 
Adenosine triphosphate (ATP), 191 
Aerobic metabolism, inhibition by vesi- 
cants, 499 
Aeropulse motor gasoline, 639—640 
Aerosols 
see Particulate clouds 
A/G (albumin-globulin plasma protein 
ratio), 445 
Air, hot, exposure to, 
see Cutaneous exposure to hot air 
Airplane fabrie damage from gas at- 
tacks, 574 
Airplane sprays 
lewisite discharge, 93-94 
optimum particle size, 269 
Albumin-globulin plasma protein ratio 
(A/G), 445 
Alcohol derivatives, aliphatie, 242-244 
Alginiec acid salts, 541—542 
Aliphatic alcohol derivatives, 242-244 
Aliphatic amines, 394-395 
Aliphatic fluorine compounds, 156-172 
as food and water poisons, 171-172 
as rodenticides, 172 
as war gases, 156, 170-171 
chemical properties, 162-163 
compared with other agents, 170-171 
physiological mechanism, 167—169 
summary, 157-161 
synthesis, 156-162 
table of compounds, 157-161 
theoretical mechanism of action, 
167-169 
Aliphatic fluorine compounds, toxicity, 
163-170 
animal toxicity, 165—167 
chemical structure, relation to tox- 
icity, 163-165 
human toxicity, 170 
inhalation toxicities, 166 
therapy, 169 
Aliphatic nitrosocarbamate (KB-16), 
115-130 
as war gas, 115, 130 
chemical properties, 118-119 
compared with mustard gas, 130 
decontamination, 120 
detection, 119-120, 123 
physical properties, 118 
protection, 121 


related compounds studied (table), 
116-117 
stability, 120 
synthesis, 115-118 
Aliphatie nitrosocarbamate (KB-16), 
toxicology, 119-130 
chemical structure, relation to tox- 
icity, 119-123 
exposure time, relation to toxicity, 
123 
eye-injuring action, 126-128 
inhalation toxicity, 123-124 
parenteral injections, 124 
physiological mechanism, 128-130 
skin toxicity, 124 
vesicant action, 125-126 
Alkanolamines, preparation, 66 
Alkylaluminum hydrides, 637-638 
Alkyl-b?s(8-hydroxyethyl)amines, 66 
Alkyl eyanoamidophosphates 
preparation, 140-141 
strueture, 131 
Alkyldichlorarsines, 85, 95-96 
Alkyl fluorophosphates, 607 
preparation, 141—142 
structure, 131 
Alkyl 6-chloroethyl sulfides, 412-413 
Alkylating action of nitrogen mustards, 
66 
Allergen, use in ricin toxoids, 193 
Aluminum, alkyl, hybrides, 637-638 
Aluminum borohydride, 635-636 
Aluminum chloride, lewisite catalyst, 
83 
Amine reactions 
summary, 476-478 
with aliphatic — nitrosocarbamate 
(KB-16,), 118-119 
with bis(g-chloroethyl) sulfide, 404- 
405 
with nitrogen mustards, 394 
Amines 
see also Amines, ethyl-bzs(8-chloro- 
ethyl) (HN1); Amines, methyl- 
bis(8-chloroethyl) (HNN2); 
Amines, íris(8-chloroethyl) 
(HN3); Nitrogen mustard gas 
aliphatie amines, 394—395 
alkanolamines, 66 
alkyl-bis(6-hydroxyethyl) amine, 66 
tris-(B-hydroxyethyl) amines, 66 
ethyl-8-chloroethyl-8-hy droxyethyl- 
amine, 458-459 
hexamethylenetetramine, 20, 42, 67, 
466—467 
hexanitrodiphenylamine, 385 
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isopropyl-b?s(8-chloroethyl)amine, 
69, 476 
isopropyl-b?s(8-hydroxyethyl) amine, 
66 
isopropyl-8-hydroxyethylamine, 66 
methyl-bzs( 8-hydroxyethyl)amine, 66 
methyl-8-chloroethyl-6-hy droxy- 
ethylamine hydrochloride, 464— 
466 
B-phenyl-8-chloroethylamine, 423 
propyl-b?s(8-chloroethyl)amine, 69 
Amines, 6-chloroethyl, in heterogene- 
ous systems, 423 
Amines, 6-chloroethyl, in homogeneous 
solution, 416—423 
characteristic reactions summarized, 
416-417 ] 
cyclization, 417-419 
cyclization reversal, 419-420 
dimerization, 421-422 
electron donors, addition of, 422—423 
formulation of reactions, 417 
hydrolysis, 420—421 
summary of reactions, 416-417 
Amines, bis(8-chloroethyl) 
see Nitrogen mustard gas 
Amines, ethyl-bzs(6-chloroethyl)(HN1), 
457—460 
see also Nitrogen mustard gas 
human intoxication, 460 
neurological injury, 458 
pharmacodynamies, 457—458 
pharmacology of hydrolytie deriva- 
tives, 458-459 
prophylaxis and therapy, 458 
systemic pathological action, 459- 
460 
toxicity, 55, 457 
Amines, methyl-bis(8-chloroethyl) 
(HN2), 460—470 
see also Nitrogen mustard gas 
aged solutions, 460—461 
cholinergic action, 460—462 
deaths, delayed, 463 
hexamethylenetetramine (HMT) as 
preventative, 466—467 
human intoxication, 470 
in aqueous solution, 389-390 
in bicarbonate solution, 390—391 
leucopenia therapy, 467 
leucotoxie action, 469—470 
muscarinic and nicotinic action on 
blood pressure, 462 
neurological injury, 458 
paralytic action, 462-463 
peripheral circulatory failure, 463 
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pharmacology of derivatives and 
transformation products, 464- 
466 
sodium thiosulfate as preventative, 
466 
systemic injury, 468-469 
systemic injury prevention, 466—467 
toxicity, 460—461 
Amines,  íris(8-chloroethyl) 
470-473 
see also Nitrogen mustard gas 
death, 470—471 
determination methods, 604—605 
human intoxication, 475—476 
ingestion effects, 475 
intravenous injection, 473-475 
occlusion of blood supply, effect on 
intoxication, 472 
systemic intoxication, 
472 
systemic pathologie action, 474—475 
toxicity, 55, 470 
transformation products, pharma- 
cology, 471-472 
transformations in water, 393 
vapor toxicity, 154 
Anaerobie glycolysis, inhibition by 
vesicants, 500 
Anemia, caused by (8-chloroethyl)sul- 
fide, 446 
Antimalarial intermediates and drugs, 
651—652 
Antimony trichloride, lewisite catalyst, 
84 
Antiricin, 193-196 
animal immunization, 195-196 
hemagglutination, inhibition, 193 
human immunization, 196 
passive immunity, 194 
potency, 193 
purification, 193-194 
therapeutic use, 194 
toxicity-neutralization, 193 
Apnea induced by phosgene, 18 
Aromatic arsenicals, 86 
Aromatic carbamates, 204-245 
antidotes, 208 
chemical structure and toxicity re- 
lationship, 208-210 
early development, 204 
naphthalene derivative carbamates, 
240-241 
optimum compounds, 204-205 
physiological effects, 208 
quinoline derivative 
241-242 
stability, 207 
synthesis, 205-207 
Aromatic carbamates (tables), toxi- 
cology, 210-245 


(HN3), 


prevention, 


carbamates, 


benzene compounds with one carba- 
mate group 
alkyl side chain having a quater- 
nary ammonium group, 235-239 
no quaternary ammonium group, 
211 
one quaternary ammonium group 
in the meta position, 216-219 
one quaternary ammonium group 
in the meta position and other 
substituents, 221—225 
one quaternary ammonium group 
in the ortho position, 214 
one quaternary ammonium group 
in the ortho position and alkyl 
groups, 214—215 
one quaternary ammonium group 
in the para position (including 
thiocarbamates), 225-227 
one quaternary ammonium group 
in the para position and other 
substituents, 227-235 
one sulfonium or arsonium group, 
240 
two quaternary ammonium groups, 
239—240 
benzene compounds with two car- 
bamate groups and no other 
groups, 212 
benzene compounds with two car- 
bamate groups and other groups, 
212-214 
benzene compounds with three car- 
bamate groups and no other 
group, 214 
carbamates of aliphatie alcohol de- 
rivatives, 242—244 
carbamates of naphthalene deriva- 
tives, 240-241 
carbamates of quinoline and isoquin- 
oline derivatives, 241-242 
carbamides and carbazates, 245 
miscellaneous carbamates, 244-245 
Arsenical antidote 
see BAL, arsenical antidote 
Arsenicals, 83-114 
aliphatic arsenicals, 85-86 
alkyldichlorarsines, 85, 95-96 
aromatie arsenicals, 86 
arsine, 97-112 
as irritant smokes, 112-114 
as warfare agents, 99-112 > 
chlorarsine derivatives, 95-97 
detection, 582-583 
determination by titration, 605-606 
dialkylchlorarsines, 85 
diphenylaminechlorarsine 
112-114 
diphenylehlorarsine (DA), 112-114 
diphenyleyanoarsine ( DC), 112-114 
heterocyclic arsenicals, 86-87 


(DM), 


lewisite, 83-85, 87-95 

physical properties, 99-112 

table of compounds, 99-112 

tertiary arsines, 85 

water contamination, 625 
Arsine, 97-112 

as warfare agent, 98 

derivatives, nonhalogenated, 99-112 
: hemoglobin destruction, 97-98 

incapacitating vs. lethal dose, 98 

physiological action, 97 

therapy, 98 

toxicity for dogs, 98 

toxicity for man, 98 
Arterial blood pressure, animals ex- 

posed to excessive heat, 372-375 

Aryl 8-chloroethyl sulfides, 412-413 
ASC charcoal, 11 
Atomizers, 286-292 

Benesh machine, 287-289 

Binks, 290 

concentric, 286-290 

constant-flow, 289 

dry dusting, 291 

electrical, 291 

impinging, 294 

multiple jet, impinging, 290-291 
ATP (adenosine triphosphate), 191 


B1, ricin product, 186 
BAL, arsenical antidote, 570-571 
BAL glucoside, 571 
chemical analogs, 571 
Peters’ hypothesis, 433 
summary, 94-95 
synthesis, 570 
therapeutic preparations, 570—571 
Bart reaction of arsenicals, 86 
Benesh atomizers, 287—289 
Benesh micropipet, 300—301 
Benzene compounds (tables), 211—240 
one carbamate group, no quaternary 
ammonium group, 211 
one carbamate group and an alkyl 
side chain having a quaternary 
ammonium group, 235-239 
one carbamate group and one quater- 
nary ammonium group in the 
meta position, 216-219 
one carbamate group and one quater- 
nary ammonium group in the 
meta position and other substi- 
tuents, 221—225 
one carbamate group and one quater- 
nary ammonium group in the 
ortho position, 214 
one carbamate group and one quater- 
nary ammonium group in the 
ortho position and alkyl groups, 
214-215 
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one carbamate group and one quater- 
nary ammonium group in the 
para position (including thio- 
carbamates), 225-227 
one carbamate group and one quater- 
nary ammonium group in the 
para position and other substitu- 
ents, 227—235 
one carbamate group and one sul- 
fonium or arsonium group, 240 
one carbamate group and two quater- 
nary ammonium groups, 239% 
240 
two carbamate groups and no other, 
212 
two carbamate groups and other 
groups, 212-214 
three carbamate groups and no other 
group, 214 
Benzyl 8-chloroethyl sulfide 
cutaneous penetration, 490 
toxicity, 54 
Bernoulli principle in atomizers, 286 
Beryllium compounds as hydropulse 


fuels, 638 

Bile reaction to (8-chloroethyl) sulfide, 
450 

Binks atomizer, 290 

Biochemical changes in  vesicant- 


treated skin, 499—502 
aerobie metabolism, 499 
anaerobie glycolysis, 500 
enzyme inactivation, 499 
enzyme liberation in skin, 500—502 
hexokinase theory of vesication, 500— 
501 
metabolic changes, 499-500 
pyrophosphatase activity, 501 
pyruvate oxidation inhibition, 501 
Blood 
changes from mustard gas poisoning, 
440-441 
changes from ricin poisoning, 190 
pooling in hyperemic burns, 347—348 
vessels of porcine skin, 327—328 
Blood changes after cutaneous hyper- 
thermia, 359-368 
first-degree reactions, 341 
hemolysis, 363-368 
perfusion of heart-lung preparation, 
360 
plasma turbidity, 359-360 
potassium concentration changes, 
361—362 
pressure changes, 372-375 
Blood changes from (8-chloroethyl)sul- 
fide, 444—446 
albumin-globulin 
ratio, 445 
anemia, 445 
coagulation time, 453 


plasma protein 


electrophoretie pattern, 445 
hemoconcentration, 445 
leucopenia in men, 453 
lipemia, 450 
NPN (non-protein nitrogen) rate, 
445—446 
occlusion of blood supply, 449 
plasma concentration changes, 442— 
444 
red cell count changes, 445, 453 
Boltzmann-Maxwell energy distribu- 
tion law, 351 
Bombs 
chemical reactions after release, 22 
lewisite discharging, 93 
M47A2 gas bomb, 120 
mustard gas, thermal bomb, 57 
nitrogen mustard gas bomb, 67 
ricin dispersing, 201-202 
Bradypnea, result of cutaneous hyper- 
thermia, 375-376 
Breuer’s work on animal muscle, 315 
Bromate-bromide thiosulfate titration 
of mustard gas, 604 
Bromine titration of mustard gas, 602 
Bronchiolar injury from phosgene, 20 
Bubblers 
gas dispersal use, 286 
gas sampling use, 599—600 
low-resistance absorber, 293 
vapor sampling use, 292-293 
Burns on skin 
see Cutaneous burns 
Butyrates 
methyl-y-flurobutyrate, 161 
methyl-y-fluro-8-hvdroxybutyrate, 
162 


Cadmium - 
as warfare agent, 173-175 
cadmium oxide smoke, 174-175 
cadmium oxide toxicity, 174 
delay of toxic effects, 174—175 
physiological action, 173-174 
toxicity of compounds, 174 
Calorie uptake rate 
of human skin, 308 
of pig skin, 316 
Calorie, definition and concept, 307 
Carbamates, aromatic 
see Aromatic carbamates 


‘Carbamides, 245 


Carbazates, 245 
Carbon, activated, 536—537 
Carbon monoxide 
released by iron and nickel car- 
bonyls, 176 
role in carbonyl poisoning action, 
177-178 
Carbon monoxide determination, 620— 
623 


-— 


analytic methods, 620 
characteristic reactions, 621 
colorimetric instruments, 622 
detection, 623 
exothermic oxidation over Hopealite, 
621—622 
hemoglobin reaction analysis, 622 
photoelectric instrument, 622 
thermometrie instruments, 621—622 
Carbon-treated fabries, 538-569 
agents against which effective, 561 
decontamination, 552, 574—575 
disadvantages, 569 
droplet penetration into cloth, 561- 
562 
dry-cleaning, 551-552 
durability, 558-561, 566-567 
laundering, 551-552, 575 
summary, 569 
Carbon-treated fabrics, deterioration, 
549-551 
detergent effects, 550—551 
mineral oil treatment effects, 550 
outdoor exposure effects, 549 
perspiration effects, 551 
rubber latex fabrics, atmospheric 
exposure effects, 549-550 
5-330 ointment treatment effects, 
550 
soap treatment effects, 550—551 
storage with  chloramide-treated 
cloths, 549 
worn garments, 563—564 
Carbon-treated fabrics, preparation, 
098—048 
coating process, 543—545 
herringbone twill coated cloth, 543 
impregnation by 
alginie acid, 541—542 
caseinate dispersion, 542—543 
methylcellulose system, 539-540 
rubber latex binder, 540—541 
tetrachloroethane solution of ethyl- 
cellulose, 540 
rayon fabrics, 545-548 
rayon knit fabries, 546—547 
rayon weaving process, 546 
rayon yarn, 545 
Carbon-treated fabries, tests, 553—566 
gas chamber tests, 557—561 
irritancy determined by troop trials, 
564—566 
laboratory test procedures, 553—561 
man-chamber tests, 558—562 
Carbonyl chlorofluoride, 23 
Carbonyl fluoride, 23 
Carbonyls, nickel and iron, 176-178 
as warfare agents, 178 
carbon monoxide effects, 177 
carbon monoxide release, 176 
inhalation toxicities, 177 
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inhalation vs. injection, 178 
physiological action, 176-177 
role of metal in toxicity, 177-178 
summary, 173 
Carboxyl groups 
reactions with nitrogen mustards, 
395 
reactions with  bis-(8-chloroethyl) 
sulfide, 401—404 
Carcinogenesis, inhibition by sulfur 
mustards, 437 
Carcinogenic agents, toxicity, 383 
Cardiac changes after heat exposure, 
375-376, 380-381 
Cascade impactor, 272-274, 295-296 
calibration of slides, 274 
characteristic mass 
curve, 273 
construction, 272 
device for increasing load on slides, 
295 
dust cloud assessment, 273-274 
impingement tendency vs. size meas- 
urement, 274 
measuring difficulties of aggregates, 
273-274 
MMD of impacted particles on 
slides, 272-273 
modifieations for small particulate 
sampling, 295—296 
nonspherical particle sampling, 273 
solid particle sampling, 273-274 
summary, 267 
Casein, binder for carbon-impregnated 
fabries, 542—543 
Casein, treated with vesicants, 432 
Castor beans 
as ricin raw material, 181 
ingestion fatal to man, 189 
Cattelain process for mustard gas, 30 
CC-2 impregnated clothing 
see Chloramide-impregnated cloth- 
ing; Chloramides for vesicant 
detoxification 
CC-2 protective ointment, 527 
CECVS (6-chloroethyl $ó'-chlorovinyl 
sulfide), 39 
Cellosolve mustard mixtures, 510—511 
Cells, damage from mustard gas 
see Mustard gas effect on enzymes 
and cells 
Cells, role in thermal injury, 351-354 
cell volume increase, 365 
energy and entropy of activation, 
353—354 
fat cell death theory, 352 
latent thermal injury, 354 
metabolie process alterations, 352 
nonprotein-induced alterations in 
physical characteristics, 352—353 
structure and activity of cells, 351 


distribution 


summary, 354 
thermal alterations in proteins, 351- 
352 
Cellulose, carbon-treated fabric binder, 
531—538 
Cerebrospinal fluid, 
curve, 450 
Cerimetric titration of arsenicals, 605 
CG war gas 
see Phosgene 
CH war gas, 406, 454 
Chambers for gas studies 
see Gassing chambers; Precision 
gassing 
Cheer’s systemic hyperthermia studies, 
368-369 
Chemical warfare agents, summary of 
all compounds examined, 3—6, 
247—264 
Chloramide-impregnated clothing, 525- 
530, 553-569 
agents against which effective, 561 
aqueous solution impregnation proc- 
ess, 533—534 
aqueous suspension 
process, 531 
droplet penetration into cloth, 561-— 
562 
duration of protection, 558 
effective life of fabries, 534—535 
exposures per garment, 560 
field impregnating sets, 531—533 
impregnation systems still uninvesti- 
gated, 534 
impregnite content determined, 623 
rate of loss of impregnite, 567—569 
reimpregnated garments, 563—564 
research recommendations, 534—535 
spray protection, 561 
stabilization of impregnated fabries, 
530 
storage with carbon-treated fabrics, 
549 
summary, 569 
tetrachloroethane solvent, 529 
worn garments, 563-564 
Chloramide-impregnated clothing, tests, 
053—566 
field tests, 562 
gas chamber tests, procedure, 557— 
558 | 
irritancy determined by troop trials, 
564-566 
laboratory test procedures, 553—556 
man-chamber tests, 558—562 
Chloramides for vesicant detoxifica- 
tion, 521—524, 572-574 
CC-2 impregnite, 521—522 
Decontaminant 40; 524 
dispersion systems, 573—574 
formulations, 573 


colloidal gold 


impregnation 





CHI 


Impregnite E, 521—522 
nitrogen mustard detoxificant, 524 
ointments, 525-528 
reactions with vesicants, 572 
requirements, 521 
S-210 impregnite, 523 
S-328 impregnite, 522 
8-330 impregnite, 521, 523—524 
8-436 impregnite, 524 
8-461 impregnite, 522—523 
solution systems, 573 
Chloramine-T titrations of mustard 
gas, 602 
Chlorarsines, 95-97 
see also Lewisite 
alkyldichlorarsines vapor toxicity, 
95—96 
dichlorarsines vapor toxicity, 96 
eye effects, 96—97 
German development, 95 
military value, 97 
percutaneous toxicity, 96 
physiological action, 95 
vesicant properties, 96 
Chloride ion potentiometric determina- 
tion, 618 
Chloroacetophenone (CN) determina- 
tion, 607 
8-Chloroethyl compounds 
see Amines; Ethane; Ether; Ethyleni- 
monium; Sulfides 
8-Chloroethyl groups of Q reactions 
with compounds of biochemical 
interest, 414 
8-Chloroethylsulfenyl chloride in mus- 
tard gas formation, 40 
8-Chlorovinyldichlorarsine 
see Lewisite 
Cholinergic action 
of methyl-bis(8-chloroethyl)-amine, 
461—462 
of mustards, 441 
Chromosomal mechanism affected by 
vesicants, 437 
Cireulatory failure from heat exposure, 
368-381 
arterial blood pressure, 372-375 
bradypnea, 375-376 
cardiae changes due to potassium 
ion, 380-381 
cardiovascular failure vs. respiratory 
insufficiency, 378-380 
early investigation summarized, 368- 
370 
electrocardiographie changes, 376- 
378 
immersion temperatures, 378—380 
plasma potassium changes, 378 
respiratory rate fluctuations, 375-376 
summary, 381 
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CK war gas 
see Cyanogen chloride 
Clothing, protective, 529—569 
carbon-treated fabries, 538—569 
chloramide-bimpregnated clothing, 
529-535, 553—569 
insect repellent impregnated cloth, 
649 
vesicant burn protection, 514 
Clouds 
see Particulate clouds 
CN (chloroacetophenone), 607 
Coagulation necrosis, vesicant induced, 
482 
Coagulation of particles, 269 
Colloidal gold curve of cerebrospinal 
fluid, 450 
* Competition factors " 
bis-(8 chloroethyl)sulfide, 400—401 
sulfur mustards in homogeneous so- 
lution, 427—428 
Compounds examined as warfare 
agents, summary, 3—6, 247—264 
Concentration sampling equipment 
see Sampling equipment for toxico- 
logical studies 
Conduction, heat transfer role, 308 
Convection, heat transfer role, 308 
Convulsive action of mustards, 442 
Corn oil, nasal filtration use, 298 
Corneal epithelium loosening, 436 
Crayons for detection of warfare agents, 
586 
Crozier's work on life processes, 353 
Cryoscopic analysis of DDT, 643 
Cuprous chloride, lewisite catalyst, 83 
Cuprous iodide test for arsenicals, 582 
Cutaneous burns, 329-350 
cumulative effects of repeated sub- 
threshold exposures, 337 
epidermal destruction, 334-336 
experimental procedure for surface 
temperature control, 329—330 
human skin time-temperature 
thresholds, 332-333 
inverse relationship, time and tem- 
perature, 330—332 
ischemic skin vulnerability, 336-337 
latent injury after repeated expo- 
sures, 337 
mathematical predictability of epi- 
dermal destruction, 334-336 
necrosis, recognition criteria, 330 
pig experiments, 330 
subthreshold vs. threshold exposure, 
330—332 
summary, 337—338 
vulnerability, human vs. porcine 
skin, 333-334 
Cutaneous burns from heat, 338-350 
see also Cutaneous tissue changes 


after burns; Heat transfer to 
skin 
compared with vesicant burns, 484 
degree of reaction defined, 339 
depth and quality of burn, relation- 
ship, 339-340 
experimental procedures, 338-339 
qualitative differences in similar re- 
actions, 340 
Cutaneous burns from heat, first-degree 
reactions, 341-344 
circulatory failure, 341 
cyanosis, 341 
edema, 341 
epidermal anchorage, reversible im- 
pairment, 342 
epidermal cells, irreversible thermal 
injury, 342-344 
nuclear changes in epidermal cells, 
342—344 
vaseular reactions, 341 
Cutaneous burns from heat, second- 
degree reactions, 344—346 
transepidermal necrosis, 344—345 
vesication, 345—346 
Cutaneous burns from heat, third-de- 
gree reactions, 346—350 
compressive hyperthermia, effect on 
burn eolor, 348-349 
epidermal changes, 346 
hyperemic burns pooling of blood, 
347—348 
miscellaneous effects of heat on 
dermis, 349—350 
red and pale burns, 346-347 
Cutaneous burns from vesicants, 479- 
518 
see also Cutaneous penetration by 
vesicants 
biochemical changes, 499—502 
capillary permeability, 484—486 
circulatory changes, 484—486 
coagulation necrosis, 482 
compared with thermal burns, 484 
epithelial cell, transplanting, 486 
healing time, 481 
histamine-like substance release, 485 
histological studies, 481—482 
human vs. animal skin response, 482— 
483 
incapacitation 
480-481 
intercellular substances affected by 
vesicants, 486 
leucotaxine-like substance release, 
485—486 
molecular strueture and vesicancy, 
505-507 
morphological evidences of injury, 484 
progressive severity, types of in- 
juries, 479—480 


degree prediction, 





skin-grafting experiments, 486 
subvesicating injuries, histological 
category, 481 
summary, 479, 486—487 
time course in development of in- 
jury, 480-481 
vesication of animal skin, 483—484 
Cutaneous burns from vesicants, pre- 
vention, 513—518 
decontamination, 515—516 
definitions, 513—514 
protective clothing, 514 
protective intradermal administra- 
tion, 514—515 
treatment of early stages, 516-517 
treatment of late stages, 517 
Cutaneous exposure to gasoline con- 
flagrations, 305-306 
Cutaneous exposure to hot air, 354—362 
animal experiments summarized, 
356-358 
blood changes, 359-362 
caloric uptake of pig skin, 356 
comparison, hot air vs. hot water 
effects, 357 
death, 359 
experimental procedure, 354—356 
heat transfer measurements, 355-356 
human sweating, protection against 
injury, 358-359 
pathological changes, 359, 361-362 
perfusion experiments, 360 
plasma turbidity, 359-360 
potassium content of blood, 361—362 
summary, 362 
temperatures and survival, relation- 
ship, 360 
temperature-time relationship, ne- 
crosis production, 357—358 
Cutaneous penetration by vesicants, 
487—498 
entry channels into skin, 488 
evaporation of vesicant from skin, 
487—488 
exposure time and amount of pene- 
tration, 490 
"fixation" of vesicant in skin, 487 
fixed vesicants, chemical properties, 
498 
fixed vesicants, correlation with se- 
verity of injury, 495-497 
fixed vesicants, disappearance rate, 
497 
fixed vesicants, distribution within 
skin, 497—498 
ice-pack treatments, 493—494 
local fate of vesicant, 10 minute ex- 
posure, 492—493 
local fate of vesicant, 1 hour expo- 
sure, 492 
penetration rates, 488-491 
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saturated vapor penetration, 490- 
491 
saturated vapor vs. liquid penetra- 
tion, 491 
summary, 494 
temperature effect on penetration 
rate, 491 
Cutaneous sensitization to vesicants, 
502-505 
degree of hypersensitivity, 504 
desensitization, 505 
guinea pig sensitization, 503-505 
human sensitization, 502—503 
induction of hypersensitivity, 503- 
504 
onset time of hypersensitivity, 504 
prevention, 504 
sensitivity to vapor, 503 
serum protein complexes, 505 
susceptibility, normal vs. sensitized 
animals, 504 
Cutaneous tissue changes after burns, 
350-354 
activation energy, 
equations, 353-354 
entropy of activation, experimental 
equations, 353-354 
kineties, physieal and chemical proc- 
esses, 351 
latent injuries, 354 
living cell attributes, 351 
metabolie reactions, thermal injury 
role, 352 
nonprotein-induced 
cells, 352-353 
summary, 354 
thermal alterations in proteins, 351-— 
352 
CWS “dynamic test” for protective 
clothing, 554 
Cyanide poisoning 
see Cyanogen chloride; Hydrogen 
cyanide 
Cyanogen chloride, 7—16 
as a war gas, 16 
as water contaminant, 625 
detectability limit, 11 
detection methods, 583 
detoxification rate by man, 11 
lethal dose, 12 
pathological effects, 15 
physical properties, 7, 29 
physiological effects, 15-16 
polymerization causes, 8 
respiratory stimulation, 12, 13 
skin irritancy, 15 
susceptibility of animal species, 13-14 
tests with sodium pyrophosphate 
stabilizer, 9 
toxicity, 11-15 
toxicity relative to phosgene, 19-20 


experimental 


alteration in 


Cyanogen chloride, stability 
instability due to water andsteel, 9, 10 
particle size and stability, 10 
purity specifications for stability, 10 
stability in storage, 8-10 

Cyanosis, 341 

Cyon's systemie hyperthermia study, 

369 
Cytolytie action of mustards, 440—441 


DA (diphenylehlorarsine), 112-114 
DANC decontaminating system, 573 
DAP (dianisylpropylene) arsenical de- 
tection test, 582 
DB-3 test 
for mustard gas, 53, 581, 603 
for nitrogen mustards, 68, 604—605 
DC (diphenyleyanoarsine), 112-114 
DDT, 641—646 
composition, 641—642 
odor eontrol concentrates, 646 
pastes, dispersible, 645 
powders, dispersible, 644—645 
resistance to caking, 644 
solvents, 645 
spreading agents, 646 
surface-active agents for emulsion 
concentrates, 645 
DDT determination, 642-644 
color test, 643-644 
cryoscopic analysis, 643 
lacquered surface detection, 643 
phosgene estimation method, 643 
spectroscopy, infrared, 642-643 
spectroscopy, ultraviolet, 643 
Decontaminated 40, vesicant detoxifi- 
cant, 524 
Decontamination, 572—576 
airplane fabrics, damage from decon- 
tamination, 574 
bleach slurry thickening, 575 
chloramide dispersion systems, 573- 
574 
chloramide reactions, 572 
chloramide solutions, 573 
definition, 572 
emulsion paste system, 574 
factory damage from decontamina- 
tion, 574 
formulations, 573 
of carbon-treated fabrics, 552, 574- 
575 
of nitrogen mustards, 68 
testing, 575-576 
Decontamination of vesicant burns, 
515-516 
chemical vs. mechanical decontam- 
ination, 516 
temperature effect, 515 
time factor, 515 
vapor burn decontamination, 516 


Degree of hazard from warfare agents, 
579-580 
Density of lethal vapors, tactical im- 
portance, 7 
Dermatitis caused by hexanitrodiphen- 
ylamine, 385 
Dermis, porcine vs. human, 326-329 
blood vessels, 327-328 
sweat glands, 328-329 
Detection of warfare agents, 581—587 
see also Identification of warfare 
agents 
arsenicals, 582—583 
by crayons, 586 
by detector kits, 586—587 
by paints, 585—586 
by powders, 586 
carbon monoxide, 623 
disulfur deeafluoride, 25 
fluorines, 583 
identification vs. detection, 581 
mustard gas, 581—583 
vapors, 584—585 
Detector kits, 586-587 
British vapor kit, 586 
enemy detector kits, 587 
M-9 vapor kit, 586 
Navy Mark I vapor kit, 587 
OCD kit, 587 
paper kit, 587 
security division kit, 587 
vesicant gas kit, 587 
water test kit, 587 
Detergents, synthetie, 550—551 
Determination of warfare agents, 602— 


619 

arsenical determination, 605—606 

carbon monoxide determination, 
620-623 

fluorine compound determination, 
606—607 


mustard gas determination, 602—605 
tape recorders, 614—618 
titrimeters, 609-614 
Dialkylchlorarsines, 85 
Dialkyl fluorophosphates, 132-150 
analysis and detection, 143 
chemical reactions, 142-143 
compared with Trilons, 132 
decontamination, 144 
detection, 583 
eye effects, 145-150 
preparation, 132-139 
properties, 132 
protection, 144 
stability, 143-144 
structure, 131 
Dialkyl hydrogen phosphite synthesis 
of diisopropyl fluorophosphate 
(PF-3), 138-139 
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Diamidophosphoryl fluorides 
preparation, 139-140 
structure, 131 
toxicity, 132 
Diamyl disulfide, 43 
Dianisylpropylene reagent for arsenical 
detection, 582 
Dichlorarsine, 8-chlorovinyl 
see Lewisite 
Dichloro-diethylsulfide 
see Mustard gas 
Dichloroformoxime, 246 
Dicyclohexyl fluorophosphate 
preparation, 138 
strueture, 131 
toxicity, 153 
Diethyl fluorophosphate 
eye effects, 147 
structure, 131 
toxicity, 152 
Diisopropyl fluorophosphate (PF-3), 
142-152 
chemieal reactions, 142-143 
decontamination, 144 
detectability by odor, 144—145 
dialkyl hydrogen phosphite synthe- 
sis, 138-139 
eye effects, 147—150 
preparation, 138-1539 
protection, 144 
stability, 143-144 
strueture, 131 
toxicity, 152 
1,2-dimercaptopropanol 
see BAL, arsenical antidote 
Dimethyl fluorophosphate (PF-1) 
chemical reactions, 142-143 
decontamination, 144 
detectability by odor, 144-145 
eye effects, 147 
phosphoryl chloride 
method, 138 
pilot plant preparation, 139 
protection, 144 
stability, 143-144 
strueture, 131 
toxicity, 152 
vapor toxicity, 154 
Diphenylaminechlorarsine (DM), 112- 
114 
Diphenylchlorarsine (DA), 112-114 
Diphenyleyanoarsine (DC), 112-114 
Diphenyl disulfide, 43 
Diphosgene, 21—23 
conversion to phosgene in shell, 21- 
22 
dissociation phenomena, 22 
physical properties, 21 
pilot-plant production, 21 
preparation, 21-22 
toxicity, 23 


preparation 


Di-sec-butyl fluorophosphate 
eye effeets, 150 
structure, 131 
toxicity, 153 
Disulfides 
diamyl disulfide, 43 
diphenyl disulfide, 43 
Disulfonium dichloride, 8,S’-endoethyl- 
ene-1,4-dithiane, 407 ° 
Disulfur deeafluoride, 24—29 
as a war gas, 20 
canister penetration, 25 
chemical properties, 24 
detection, 25, 583 
exposure Symptoms, 26 
odor, 26 
pathologie effects, 27 
physical properties, 24, 29 
physiological effect, 28 
preparation, 24 
protective measure, 28 
stability, 25 
toxicity for various species, 26 
Dithiane in mustard gas, 39 
B-chloroethyl-1,4-Dithiane sulfonium 
chloride, 407 
a-Dithiols detoxification of lewisite, 84 
Divinyl sulfide, 456 
Divinyl sulfone, 408-412 
aqueous solution reaetions, 409 
nitrogenous base reactions, 409-412 
pharmacology, 456 
sulfhydryl group reactions, 409 
summary, 412 
Divinyl sulfoxide reactions, 408—412 
aqueous solutions reactions, 409 
pyridine reaction, 412 
sulfhydryl group reactions, 409 
summary, 412 
Division 9, NDRC, summary of work, 3-6 
DM (diphenylaminechlorarsine), 112- 
114 
DP war gas 
see Diphosgene 
Drods, vesicant testing 1nicropipet, 
299—300 
Dry-cleaning of carbon-treated fabrics, 
551—552 
DTH, antiarsenical agent, 94-95 
Dust dispersing atomizer, 291 
Dusts, toxie, 173-176 
assessment methods, 273-274 
cadmium, 173-175 
saleomine, 383-384 
selenium, 175 


E-10 chemical agent analyzer, 592 
ED (ethyldichlorarsine), 95-97 
Eddy currents, heat transfer role, 307 
Edema 
fluid and skin caloric uptake, 317-318 





from cutaneous hyperthermia, 341 
of lungs from disulfur decafluoride, 
28 
Edgewood vapor cups, 301 
Edgewood vesicant testing rods, 299 
EDS (effective drop size), 272 
Electrocardiographic changes after heat 
exposure, 376-378 
Electrolyte metabolism, affected by 
(8-chloroethyl) sulfide, 447—448 
Electronie interval timer for the 
Northrup titrimeter, 203-294 
Electrophoretic pattern of plasma, 445 
S,S'-Endoethylene-1,4-dithiane disul- 
fonium dichloride, 407 
Enzyme activity of ricin, 191, 200 
Enzyme inactivation by vesicants 
see Mustard gas effect on enzymes 
and cells 
Enzyme liberation in skin by vesicants, 
500—502 
Epidermal destruction from heat 
see Cutaneous burns 
Epidermal temperature of animals 
see Heat transfer to skin 
Epidermis, pig vs. human, 325—326 
Equations 
calorie uptake rate of skin, 308 
cutaneous thermal injury, activation 
energy, 353-9354 
epidermal destruction by exposure 
to heat, 334-3836 
flow of heat through skin, 309-310 
gassing chamber equilibration times, 
278 
heat conduction, steady state, 308- 
309 
Maxwell-Boltzmann energy distribu- 
tion law, 351 
ricin dose-survival time curves for 
mice, 188, 199—200 
Erythema produced by vesicants, 480 
Erythrocytes, 365-368 
potassium content, 365-366 
swelling with hyperthermia, 366-368 
Ethane, 1 ,2-b7s(6-chloroethylthio) (Q) 
impurity in mustard gas, 39 
pharmacology, 456—457 
physical properties, 44 
preparation, 31 
toxicity in drinking water, 57 
toxicity to various species, 55 
transformations in water, 413—414 
vesicaney, 53-54 
Ethane, 1,2-bis(8-chloroethylthio) (QJ), 
photosynthesis 
inhibitors, 44 
promotors, 43 
reaction mechanism, 43 
wavelengths effective, 43-44 
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Ethane, bzs(8-chloroethylthio), water 
contamination, 624 
Ethanedithiol, 43, 44 
Ethanolamines in nitrogen mustard 
preparation, 59-66 
Ether, bis(8-chloroethylthioethyl) 
eye injuring action, 56 
physieal properties, 44 
preparation, 31 
toxicity to mice, 55 
transformations in water, 414 
vesicancy, 54 
water contamination, 624 
Ethyl-b7s(6-chloroethyl)amine (HN1) 
see Amines, ethyl-bis(8-chloroethyl) 
(HN1) 
Ethyleellulose solution used in carbon 
impregnation of fabrics, 540 
Ethyldichlorarsine (ED), 95-97 
N-Ethyl diethanolamine hydrochloride, 
66 
dimethylamidocyanophosphate 
(MCE), 140-151 
analysis, 143 
chemical reactions, 143 
decontamination, 144 
detectability by odor, 144-145 
determination, 607 
eye injuring action, 146-147 
preparation, 140-141 
stability, 144 
strueture, 131 
toxicity, 150—151 
vapor toxicity, 154 
Ethyl-8-chloroethyl-8-hydroxyethyl- 
amine, 458—459 
Ethyl-8-chloroethyl sulfide 
eutaneous penetration, 490 
vesicancy, 54 
Ethylene chlorohydrin for thiodiglycol 
production, 30 
Ethylene in mustard gas production, 


Ethyl 


30 
Ethylene oxide for thiodiglycol pro- 
duction, 30 


Ethylenesulfonium ion, 424—428 
“competition factors”, 427—428 
formation, 424—425 
hydrolysis, 427—428 
kineties of formation, 425—427 
reactions, 427—428 

Ethylenimonium compounds, 391 
1,1-bzs(8-chloroethyl) ethylenimon- 

ium chloride, 471 
1,1-bis(8-hydroxyethyl)ethylenimon- 
ium chloride, 472 
]-ethyl-1-(8-hydroxyethyl) ethyleni- 
monium chloride, 459 
methyl-(6-chloroethyl) ethylenimon- 
ium chloride, 464 


1-(8-chloroethyl)-1-(8-hydroxyeth yl) 
ethylenimonium chlorine, 472 
]-methyl-1-(8-chloroethyl) ethyleni- 
monium pierylsulfonate, 464 
]-methyl-1-(8-hydroxyethyl) ethyl- 
enimonium picrylsulfonate, 466 
Ethylenimonium ion, 1-(8-chloroethyl), 
66 
Evaluation of chemical warfare com- 
pounds, 3-6, 247-264 
Evaporation heat of nonpersistent war 
gases, 29 
Evaporation of vesicants from skin, 
487—488 
Explosion testing chamber, 284 
Eye injuries from 
aliphatic nitrosocarbamate (KB-16) 
126-128 
chlorarsines, 96-97 
bis(8-chloroethylthioethyl)-ether, 56 
ethyl dimethylamidocyanophos- 
phate, 147 
fluorophosphates, 145-150 
lewisite, 88-92 
mustard gas, 56, 78-79 
nitrogen mustard gas, 75-78 
phosphorus compounds, 145-150 
bis(dimethylamido) phosphoryl flu- 
oride, 150 
ricin, 188-189 
Eye therapy with BAL, 570 


Fabrics, carbon-treated 
see Carbon-treated fabrics 
Factory damage from gas attack and 
decontamination, 574 
Fat cells, liquefaction in thermal in- 
jury, 352 
Ferris’ systemic hyperthermia studies, 
369 
Fick’s systemic hyperthermia studies, 
369 
Field sampling procedures, 594—601 
area distribution, 595 
area vs. line sampling, 594 
bubblers, 599—600 
continuous vs. intermittent sampling, 
595 
flow rate, low vs. high, 597 
installations, developed vs. tempo- 
rary, 597 
liquid contamination determination, 
600 
prolonged sampling, 596 
pump units, 597—599 
topographical factors, 595 
with nitrogen mustard gas, 79-80 
Flame thrower attacks, casualty pro- 
duction | 
see Heat exposure casualties 
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Flash inhibitors for hydrogen cyanide 
munitions, 8 
Fluoride ion detection, 25, 583 
Fluorine atom removal from molecule, 
162 
Fluorine compounds 
aliphatic; see Aliphatic fluorine com- 
pounds 
as water contaminants, 625 
detection, 583 
Fluorine compounds, 
methods 
ammonia decomposition, 606 
periodate-perchlorate decomposition, 
606-607 
pyrolytic decomposition, 606 
sodium decomposition, 606 
sodium peroxide decomposition, 606 
Fluoroacetate 
see Methyl fluroacetate 
Fluoroacetie acid and derivatives 
see Aliphatic fluorine compounds 
Fluorocarbons, 629-633 
carbon and fluorine reaction, 629-630 
halogen replacement by fluorine, 631 
high molecular weight fluorocarbons, 
632 
hydrogen replacement by fluorine, 
630-631 
nitro or amino group replacement, 
631 
polymerization of small units, 632 
B-Fluoroethanol, 161 
Fluorophosphate compounds 
see also Diisopropyl fluorophosphate 
(PF-3); Dimethyl fluorophos- 
phate (PF-1) 
alkyl fluorophosphate, 131, 141-142, 
607 
decyclohexyl fluorophosphate, 131, 
138, 153 
dialkyl fluorophosphate, 1382-150 
diethyl fluorophosphate, 131, 147, 


determination 


152 

di-sec-butyl fluorophosphate, 131, 
150, 153 

isopropyl ethanefluorophosphonate, 
131, 151 


isopropyl methanefluorophosphonate 
(MF-1), 131, 141-142, 151, 154 

table of compounds, 133-137 
Fluorophosphates, 131—155 

analysis and detection, 143 

chemical reactions, 142-143 

decontamination, 144 

detectability by odor, 144-145 

eye effects, 145-150 

pathology, 153-154 

physiological mechanism, 155 

preparation, 132-139 

properties, 132 
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protection, 144, 154-155 
skin effects, 154 
stability, 143 
strueture, 131—132 
summary, 133-137 
toxicity, 150-154 
Food poisoning from methyl fluoro- 
acetate, 171 
470 BM 199, ricin product, 186 
Fourier equation, flow of heat through 
skin, 309 
Fractionating devices, 291—292 
fractionating tower, 291 
rotating macro-impinger, 291 
serial macro-impinger, 291 
summary, 295 
French (Cattelain) mustard gas proc- 
ess, 30 
Fuels, hydropulse, 634-640 
alkylaluminum hydrides, 637-638 
aluminum borohydride, 635-636 
beryllium compounds, 638 
lithium borohydride, 636-637 
lithium hydride, 635 
test methods, 638-639 
Fulminic acid salts, 246 
Furan arsenicals, 86 


Gas dispersal into chambers, 285-292 
atomizers, concentric, 286-290 
atomizers, electrical, 291 
atomizers, impinging, 290-291 
bubblers, 286 
dispersal techniques, 285-286 
fractionating devices, 291-292 
summary, 285 

Gases, war 
see War gases 

Gasoline adjuvants for aeropulse mo- 

tors, 639—640 
Gasoline conflagrations, 303-307 
animal exposure, cutaneous and 
respiratory, 304—306 
burning experiments, 303 
cutaneous exposure, 306 
flame thrower attacks, 
temperature, 304 
respiratory exposure, 306 
summary, 306—307 
temperatures, 304 

Gasoline fumes, toxicity, 383 

Gassing chambers, 278-285 
200-liter medium flow, 280-281 
400-liter standard chamber, 280 
429-liter glass-lined chamber, 281 
880-liter chamber, 280 
explosion chamber, 284 
Great Lakes man-chamber, 282-283 
lacrimator chamber, 282 
microline, 283 
screening smoke chamber, 281—282 


probable 


smoke chamber, 283 
wind tunnel, 284-285 
Gassing chambers, design factors, 278- 
280 
air flow measuring equipment, 279 
chamber equilibration time, 278 
dispersal of gas from chamber, 285- 
286 
filtration of effluent, 279 
flow of air through chamber, 278 
introduction of animals into cham- 
ber, 279-280 
temperature and humidity control, 
280 
variables affecting chamber condi- 
tions, 278 
Gassing chambers, dispersal into, 285- 
292 
concentric atomizers, 286—290 
design problem, 279-280 
electrical atomizers, 291 
fractionating devices, 201—292 
impinging atomizers, 290-291 
Gastric secretions effected by (8-chloro- 
ethyl) sulfide, 447 
Glycolysis, anaerobic, 500 
Gold chloride-benzidine colorimetric 
determination of mustard gas, 
604 | 
Grant and Lewis’ theory of histamine 
release in cutaneous injury, 485-— 
486 
Great Lakes man-chamber, 282-283 
Ground contamination by lewisite, 93 
Guthrie process for mustard gas, 30 


H war gas 
see Mustard gas 
Half life of aerosol, 269 
Halogen fluorine replacement, 631 
HB process for mustard gas, 32 
HBD process for mustard gas, 32 
HCD process for mustard gas, 32 
“Heat capacity ", 307 
Heat exposure casualties, 303-381 
circulatory failure and death, 368- 
381 
cutaneous burns, 338-350 
cutaneous exposure to hot air and 
radiant heat, 354—362 
gasoline conflagrations, 303-307 
heat transfer and thermal injury, 
307—320 
hyperpotassemia, 362-368 
physical and chemieal changes in 
tissue, 350-354 
respiratory damage, 320—325 
skin, human vs. porcine, 325—329 
Heat transfer to skin, 307-320 
calorie uptake of skin, 316 
calorie uptake rate of skin, 308 
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conduction, 308-309 
convection, 308 
dermal-fat interface temperature, 
time dependence, 317-318 
epidermal termperature when skin is 
immediately brought to specific 
heat, 318-319 
epidermal temperature when skin is 
surrounded by heat, 319-320 
flow of heat through skin, 309-310 
heat capacity, 307—308, 315 
“in vivo” factor, skin temperature 
as time function, 309 
nature of heat, 307 
radiation, 308 
steady-state vs. unsteady state con- 
duction, 308-309 
summary, 320 
thermal conductivity of animal tis- 
sues, 315 
thermal conductivity of pig tissues, 
315-316 
Heat transfer to skin, assessing appa- 
ratus, 310-315 
energy recording applicator, auto- 
matic, 311-313 
heat capacity apparatus, 310 
thermocouple for measuring surface 
skin temperatures, 314—315 
thermocouple for measuring temper- 
atures beneath exposure, 313- 
314 
Hemagglutination test for ricin, 197, 
200 
Hemoglobin destruction by arsine, 97— 
98 
Hemoglobin reaction with carbon mon- 
oxide, 622 
Hemolysis from cutaneous hyperther- 
mia, 363-368 
accompanies fatal plasma levels, 368 
exposure at 47C, no hemolysis, 363 
exposure to 75C, 363-366 
in vitro effects of heat, 366—368 
Herringbone twill cloth, carbon coat- 
ing, 543 
Heterocyclic arsenicals, 86-87 
Hexamethylenetetramine 
as methyl-bis(8-chloroethyl)-amine 
preventative, 466—467 
as mustard gas stabilizer, 42, 67 
as prophylactic against ketene, 20 
Hexanitrodiphenylamine, dermatitic 


agent, 385 
Hexokinase theory of vesication, 500— 
501 


Heymans’ systemic hyperthermia 
studies, 368-369 

Histamine-like substances released in 
cutaneous injuries, 485—486 

Histidine, imidazole group, 404—405 
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HM process for mustard gas, 32 
HMD process for mustard gas, 32 
HMT (hexamethylenetetramine), 466-— 
467 
HN1 war gas 
see Amines, ethyl-b7s(8-chloroethyl) 
(HN1); Nitrogen mustard gas 
HN2 war gas 
see Amines, methyl-b?s(8-chloroethyl) 
(HN2); Nitrogen mustard gas 
HN3 war gas 
see Amines, tris( 8-chloroethyl)( HN3); 
Nitrogen mustard gas 
HQ mustard gas mixture 
evaluation for war use, 57 
freezing point, 44—53 
thiodiglycol production process, 31 
toxicity to mice, 55 
HS process for mustard gas, 32 
HT mustard gas mixture 
evaluation for war use, 57 
freezing point, 44-53 
thiodiglycol production process, 31 
toxicity to mice, 55 
Hydraulic fluids 
fluorinated oxygen compounds, 633 
fluorocarbons, 629-633 
thin film studies, 629-633 
Hydrochloride, N-ethyl diethanol- 
amine, 66 
Hydrogen cyanide, 7-16 
as a war gas, 16 
detection methods, 11, 583—584 
determination, 607 
detoxifieation rate by man, 11 
flashing in munitions, 8 
lethal dose, 12 
odor detectability, 11 
pathological effects, 15 
physical properties, 7, 29 
physiological effects, 15-16 
respiratory stimulation, 12 
stability in storage, 8 
toxicity, 11-15, 19 
Hydrogen peroxide preparation, 640 
Hydrogen phosphite (dialkyl) synthesis 
of diisopropyl fluorophosphate, 
138—139 
Hydrogen replacement by  fluorine, 
630—631 
Hydropulse fuels, 634—640 
alkylaluminum hydrides, 637—638 
aluminum borohydride, 635-636 
beryllium compounds, 638 
lithium borohydride, 636-637 
lithium hydride, 635 
test methods, 638-639 
6-Hydroxyethylamines 
see Amines 


Hyperpotassemia from cutaneous hy- 


perthermia 


see Plasma potassium after cutane- 
ous hyperthermia 
Hypochlorite titration of mustard gas, 
602 


Ice-pack treatments on vesicant ex- 
posed skin, 493—494 
Identifieation of warfare agents, 588— 
593 
see also Detection of warfare agents 
analysis procedures, 589-590 
British war gas kit, 592 
derivatives determined, 590 
detection vs. identification, 581 
K-10 chemical agent analyzer, 592 
equipment, 588 
funetional group analysis, 590 
microscopic procedures, 591 
mobile laboratories, 591—592 
sample purification, 588-589 
smoke identification kit, 593 
tabular summaries, 590 
Imidazole group of histidine, 404-405 
Immunological studies 
see Ricin immunology; Vesicant im- 
munology 
Impinging devices for particulate sam- 
pling, 294-295 
Impregnite E, British vesicant detoxifi- 
cant, 521—522 
Indolyl groups of proteins, reaction 
with vesicants, 432 
Infrared spectroscopy for DDT de- 
termination, 642-643 
Inhalation of heat, 320—325 
alveolar duets and alveoli injury, 323 
amount of heat in one breath, 323 
amount of heat transfer, skin vs. 
respiratory tract, 323-325 
cooling rate of inhaled air, 320—322 
experimental procedure, 320 
mucosal necrosis, 323 
primary thermal injury to lungs, 323 
summary, 325 
water content of inhaled gas, 324 
Inhalation toxicities 
see Respiratory damage 
Inhaled volume per breath, 12 
Insect control, 641—650 
DDT composition, 641—642 
DDT determination, 642-644 
DDT formulations, 644—646 
miticides, 650 
repellent impregnated cloth, 649 
repellent protection time, 648-649 
repellent skin tests, 646 
“6-2-2” repellent, 646 
Intestinal secretions, effect of exposure 
to (8-chloroethyl) sulfide, 447 
Iodate thiosulfate titration of mustard 
gas, 604 





Iodometrie titration of arsenicals, 605 
Iodoplatinate test for mustard gas, 582, 
603 
Iron carbonyl, 176-178 
as warfare agent, 178 
carbon monoxide release, 176 
inhalation vs. injection, 178 
parenteral administration, 177-178 
physiological action, 176-177 
summary, 173 
toxicity by inhalation, 177 
Iron containers, effect on mustard gas, 
39 
Ischemia, effect on skin vulnerability 
to thermal injury, 336-337 
Isopropyl-5is(8-chloroethyl)amine 
see also Nitrogen mustard gas 
pathology, 476 
toxicity, 69, 476 
Isopropyl-bis(8-hydroxyethyl)amine, 66 
Isopropyl ethanefluorophosphonate 
strueture, 131 
toxicity, 151 
Isopropyl-8-hydroxyethylamine, 66 
Isopropyl methanefluorophosphonate 
(MFI1) 
preparation, 141-142 
properties, 142 
strueture, 131 
toxicity, 151 
vapor toxicity, 154 


Isoquinoline derivated carbamates, 
241—242 
Japanese canisters, penetration by 


cyanogen chloride, 11 
Jet motor fuels 
see Hydropulse fuels 


Kabat and Levine’s citrated plasma 
experiments, 359 

Kahn’s systemic hyperthermia study, 
369 

KB-16 toxic agent 

see Aliphatic nitrosocarbamate 

(KB-16) 

Ketene, toxic action of, 20 

Kharasch lead alkyl process, 85 

Knowlton and Starling's hyperthermia 
studies, 369 


L war gas 

see Lewisite 
L703, ricin product, 186 
Lacquered surface test for DDT, 643 
Lacrimator chamber, 282 
Lacrimator decontamination, 572 
Latex earbon-treated fabries, 549—550 
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Lehmann's toxie vapor studies, 278 
Lesions from vesicant burns, 480—481 
Leucopenia 
methyl-bis(8-chloroethyl)-amine in- 
duced, 467, 469-470 
(8-chloroethyl) sulfide induced, 453 
therapeutic procedures, 449 
Leucotoxine-like substance released by 
cutaneous burns, 485—486 
Levine and Kabat’s citrated plasma 
experiments, 359 
Levinstein mustard gas 
see Mustard gas of Levinstein type 
Lewis and Grant’s theory of histamine 
release in cutaneous injury, 485— 
486 
Lewisite, 83-85, 87—95 
airplane spray release, 93-94 
blister fluid, 92 
bomb explosion release, 93 
chemical properties, 89 
compared with mustard gas, 88-89, 
93—94 
corrosive effect on shell steel, 84 
detoxification agents, 84-85 
ground contamination, 93 
military value, 88 
mustard and lewisite mixtures, 84 
1919 studies, 87-88 
protection, wet vs. dry clothing, 87- 
88 
protection against liquid, 94 
protection against vapor, 94 
summary, 95 
therapeutic agent, BAL, 94-95 
vapor concentration in field, 93 
Lewisite preparation, 83-84 
aluminum chloride as catalyst, 83 
arsenie trichloride preparation, 84 
cuprous chloride as catalyst, 83 
mercuric oxide as catalyst, 83 
Lewisite toxicity, 89-94 
compared with mustard gas, 92 
evaluation criterion, 90-91 
eye casualties, 88-89, 91—92 
liquid toxicity, 91 
mechanism of injury production, 487 
parenteral administration, 91 
respiratory tract effects, 88, 90 
skin vesication, 87, 90, 92 
summary, 55, 92-93 
systemic effects, 90—91 
vapor toxicity, 90 
Lipemia from exposure to (6-chloro- 
ethyl) sulfide, 450 
*" Lipid pneumonia", 382 
Lipoids, liquefaction in thermal injury, 
352 
Lithium borohydride, 636-637 
Lithium hydride, 635 
Lubricants, 629-633 


fluorinated oxygen compounds, 633 
fluorocarbons, 629-633 
thin film studies, 629-631 
Lung damage 
see Respiratory damage 


M-1 chloramide impregnating set, 531 
M-1 eye solution, 570 
M-3 mobile laboratory, 592 
M-4 protective ointment, 525 
M-5 protective ointment, 527-528 
M-9 vapor detector kit, 586 
M47A2 gas bomb, 120 
Macro-impinger, 291 
Magnesium carbonate disulfur deca- 
fluoride protection, 28 
Mammalian cells, miotic inhibition by 
vesicants, 437—438 
Man-chamber tests 
of mustard gases, 74—76 
of nitrogen mustard vapors, 75 
procedure, 282-283 
Marine eggs, miotic inhibition by vesi- 
cants, 438 
Markownikoff’s rule in mustard gas 
formation, 43 
Maxwell-Boltzmann energy distribu- 
tion law, 351 
MCE war agent 
see Ethyl dimethylamidocyanophos- 
phate (MCE) 
MD (methyldichlorarsine), 95-97 
Menkin's studies of inflammatory ex- 


udates, 485 
Mereaptans, examination for war use, 
45 


6-Mercaptoethanol, 31 
Mercuric oxide, lewisite catalyst, 83 
Mercurimetric titration of mustard 
gas, 603 
Metabolic changes in skin 
after heat exposure, 352 
after vesicant exposure, 499—500 
Metals, toxic, 173-178 
cadmium, 173-175 
nickel and iron carbonyl, 176-178 
selenium, 175 
Methemoglobin, use with cyanide 
poisoning, 15-16 
Methyl-b;s( 8-hydroxyethyl)amine, 66 
Methyl-bis( 8-chloroethyl)amine ( H N2) 
see Amines, methyl-bs( 8-chloro- 
ethyl) (HN2) 
Methylcarbamates 
see Aromatic carbamates 
Methylcellulose system of carbon im- 
pregnation, 539—540 
Methyl chloroformate, 115-117 
Methyldichlorarsine (MD), 95-97 
Methyl-(8-chloroethyl)ethylenimonium 
chloride, 464 





1-Methyl-1-(8-chloroethyl)ethylenimo- 
nium pierylsulfonate, 464 

]-Methyl-1-(8-hydroxyethyl)ethyleni- 
monium pierylsulfonate, 466 


Methyl fluoroacetate, 156-172 


as war gas, 170-171 
chemical properties, 162—163 
compared with other agents, 170—171 
deteetability by odor, 170 
detection and analysis, 163 
food and water poisoning, 171-172 
mechanism of action theories, 167— 
169 
physiological mechanism theories, 
167-169 
rodenticide use, 172 
stability, 162-163 
synthesis and properties, 156 
Methyl fluoroacetate toxicity, 163-170 
animal toxicity, 165—167 
chemieal strueture, relation to tox- 
icity, 163-165 
death, 166-167 
human toxicity, 170 
inhalation toxicity, 166 
intravenous injection toxicity, 165 
latency in poisoning, 166 
oral toxicity, 165 
subcutaneous injection toxicity, 165 
therapy, 169 
Methyl y-fluorobutyrate, 161 
Methyl y-fluoro-6-hydroxybutyrate, 
162 
Methyl formate in diphosgene pro- 
duction, 21-22 
Methyl-8-chloroethyl-8-hydroxyethyl- 
amine hydrochloride, 464—466 
Methyl N-(6-chloroethyl)-N-nitroso- 
carbamate 
see Aliphatic nitrosocarbamate 
(KB-16) 
Methyl-8-chloroethyl sulfide, 54 
Meyer process for mustard gas, 30 
Meyer reaction of aliphatic arsenicals, 
85 
MF 1 war gas 
see Isopropyl methanefluorophospho- 
nate (MF 1) 
Microline gas chamber, 283 
Micropipets for mustard gas tests, 53 
Mineral oil deterioration of carbon- 
treated fabrics, 550 
Miscellaneous compounds examined as 
chemical warfare agents (tables), 
246-264 
Miticides, 650 
Mitosis inhibition by vesicants 
in mammalian cells, 437—438 
in marine eggs, 438 
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MMD (mass median diameter) of 
clouds, 272-275 
aggregates, effect on MMD, 273-274 
determined by cascade impactor, 
272-274 
determined by microscope examina- 
tion, 272 
effect on vesicant action, 274—275 
nonspherical particles, 273 
ricin clouds, 188-189 
Molecular structure in relation to 
vesicancy, 505-507 
Molecular structure of warfare agents, 
626 
Moorehouse’s systemic hyperthermia 
studies, 369 
Mucosal necrosis, 323 
Munitions 
see Bombs 
Mustard gas 
see also Nitrogen mustard gas; Sulfur 
mustards 
analogues susceptible to photosyn- 
thesis, 43 
evaluation for war use, 57-58 
field tests, 79-80 
man-chamber tests, 74-76 
mixture with 1,2-bis(6-chloroethyl- 
thio) ethane, 30 
mixture with bis(8-chloroethylthio- 
ethyl) ether, 30 
organic sulphur analogues, 44-53 
physical properties, 44, 67, 81 
solubility in water at room temper- 
ature, 68 
susceptibility to; see Vesicant sus- 
ceptibility factors 
table of organie sulfur compounds, 
45—52 
thermal bombs, 57 
vesicancy, 70-75 
vesicancy tests, 53—56 
water contamination, 624—625 
Mustard gas compared with 
aliphatic nitrosocarbamate (KB-16), 
123, 130 
1,2-bis( 8-chloroethylthio) ethane (Q), 
54 
lewisite, 88-89, 92—94 
Mustard gas detection, 581—583 
DB-3 reagent, 581 
detectable concentration, 69 
detectable odor, 53 
iodoplatinate test, 582 
nitrogen mustards, 583 
Spotted Dick test, 582 
thiourea test, 582 
Mustard gas determination, 602—604, 
616-618 
bromate-bromide thiosulfate titra- 
tion, 604 


bromine titration, 602 

chloramine titrations, 602—603 

DB-3 colorimetric method, 603 

gold chloride-benzidine colorimetric 
method, 604 

hypochlorite titration, 602 

iodate thiosulfate titration, 604 

iodoplatinate test, 603 

mercurimetric titration, 603 

8-naphthol turbidimetrie method, 603 

p-nitrobenzl bromide colorimetric 
method, 604 

pyridine colorimetric method, 603 

pyrolytic recorder, 617-618 

sensitized film recorder, 616—617 

thiosulfate titration, 604 


Mustard gas effect on enzymes and 


cells, 433-437 

carcinogenesis, 437 

corneal metabolism and loosening, 436 

enzyme inactivation by mustards, 
433—434 

permeability, 437 

Peters' enzyme hypothesis, 433-434 

tissue cultures, 436—437 

yeast metabolism and reproduction, 
434 


Mustard gas effect on nuclear activity, 


437—439 
chromosomal mechanisms, 437 
mitosis in mammalian cells, 437—438 
mitosis in marine eggs, 438 
swelling inhibition, 438—439 


Mustard gas of Levinstein type, 33-42 


6-chloroethylsulfenyl chloride reac- 
tion, 40 

composition theories, 33-34 

contamination by iron containers, 39 

effect of temperature on formation, 41 

fractionation by hydrolysis, 35 

hexamine stabilizer, 42 

mechanism of formation, 40—41 

methanol extraction, 34 

minor impurities, 39 

molecular distillation, 33 

molecular weight of impurities, 37 

properties of polysulfide constitu- 
ents, 35-39 

purification methods, 42 

refractive indices of fractions, 37 

Reid-Macy hypothesis of composi- 
tion, 34-35 

synthesis of polysulfides, 35 

“trichloro mustard” impurity, 39 

vacuum distillation, 42 


Mustard gas pharmacology, 440—478 


tris( 8-chloroethyl amine, 470-476 

ethyl-bis(8-chloroethyl)amine, 457- 
460 

isopropyl-bis( 8-chloroethyl)-amine, 
476 


methyl-b;s(8-chloroethyl)-amine, 
460—470 

nitrogen mustard related compounds, 
476—478 

(8-chloroethyl) sulfide, 442—454 

(8-chloroethyl) sulfide related com- 
pounds, 454—457 

summary, 442 


Mustard gas production 


French process, 30 

Guthrie process, 30 

“H” processes, 32 

Levinstein process, 31-32 
Meyer process, 30 
photosynthetic method, 42—43 
60* process, 30, 41 

South African process, 32 


Mustard gas reaction with proteins, 


431—433 
casein reactions, 432 
pH. dependency of reactions, 432 
phenolie and indolyl groups, 432 
protein properties altered by reac- 
tion, 432—433 
sulfhydryl groups, 432 


Mustard gas skin injury, 479-518 


biochemical changes in  vesicant 
treated skin, 499—502 

factors determining effectiveness, 
507—513 

immunology, 502-505 

molecular structure and vesicancy, 
correlation, 505-507 

pathology of vesicant burns, 479-487 

penetration of skin by mustards, 
487—498 

prevention, 513-518 

summary, 479 

treatment of skin, 515-518 


Mustard gas systemic effects, 440—442 


see also Mustard gas skin injury 
blood constituent changes, 440—441 
blood-forming organs, 441 
cholinergic action, 441 

convulsive action, 442 

cytolytic action, 440-441 

delayed death, 440 

eye injuries, 56, 76, 78-79 
neurologic injury, 442 
parasympathetic action, 442 
peripheral circulatory failure, 440 
prophylaxis and therapy, 441 
summary, injury in man, 441 
toxicity in drinking water, 56-57 


Mustard gas toxicology 


see Mustard gas skin injury; Mustard 
gas systemic effects 


N-182 National carbon, 539 
N oxides of nitrogen mustards, 396-397 
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Naphthalene derivated carbamates, 
240-241 
8-Naphthol turbidimetric determina- 
tion of mustard gas, 603 
Nasal filtration in precision gassing, 
297—299 
filtration with corn oil, 298 
filtration with sodium bicarbonate, 
298—299 
setting up particulate cloud, 297-298 
Naval Research Laboratory, protective 
clothing test, 553-554 
Negro skin, susceptibility to vesicants, 
507—508 
Neurological injury 
by methyl-bis(8-chloroethyl)-amine, 
458 
by mustards, 442 
Nickel carbonyl, 176-178 
as warfare agent, 178 
carbon monoxide release, 176—177 
inhalation vs. injection, 178 
parenteral administration, 177-178 
physiological action, 176-177 
summary, 173 
toxicity by inhalation, 177 
p-Nitrobenzyl bromide colorimetric de- 
termination of mustard gas, 604 
Nitrogen mustard compounds (tables), 
60—65 
derivatives of primary amines, 60 
derivatives of quaternary ammonium 
salts, 65 
derivatives of secondary amines, 61— 
62 
derivatives of tertiary amines, 62-65 
Nitrogen mustard gas, 59-82, 389-424 
see also Mustard gas 
chemical properties, 66 
decontamination, 68 
detection, 69, 583 
dimerization, 67 
evaluation as war gas, 80-82 
field tests, 79-80 
man-chamber tests, 74-76 
physical properties, 66-67, 81 
preparation, 59-66 
solubility in water at room temper- 
ature, 68 
stability in exploding shells, 67 
storage stability, 67 
structural formulas, 59 
susceptibility to; see Vesicant sus- 
ceptibility factors 
terrain behavior, 68 
water contamination, 624 
Nitrogen mustard gas, kinetics of re- 
actions, 415—424 
B-chloroethylamines in heterogene- 
ous systems, 423 


8-chloroethylamines in homogeneous 
solution, 416—423 
correlation of toxicities of 6-chloro- 
ethylamines with kinetics of 
their cyclization, 423 
pH dependence of reactions, 415—416 
reaction mechanism, 415—416 
Nitrogen mustard gas, reactions, 389— 
397 
tris(8-chloroethyl)amine (HN3), 
transformations in water, 393 
amino groups of amino acids and 
peptides, 394 
antinitrogen mustard agent, search 
for, 389 
carboxyl groups, 395 
cyclic amines, 394-395 
methyl-bzs(8-chloroethyl)amine 
(HN2), hydrolysis. in bicar- 
bonate solution, 390-391 
methyl-bis(6-chloroethy] )amine 
(HN2), transformation in water, 
389—392 
N oxides of nitrogen mustards, 396- 
397 
phosphates, 396 
secondary and tertiary aliphatic 
amines, 394—395 
sulfhydryl groups, 395 
summary, 396 
thiosulfate as reagent for ethyleni- 
monium compounds, 391 
unbuffered aqueous solution behav- 
ior, 392-393 
Nitrogen mustard gas, toxicology, 69- 
79 
tris-(B-chloroethyl)amine toxicity, 72 
anti-vesicant treatment, 72—73 
decontamination and treatment of 
eyes, 79 
effect of temperature and humidity, 
70-72 
effect on animal eyes, 78 
effect on human eyes, 75-78 
ethyl-bis(8-chloroethyl)amine toxic- 
ity, 70 
methyl-bis(8-chloroethyl)amine tox- 
icity, 71 
mortality data for animals, 69 
protection by ointment, 75 
protective clothing, 75 
summary, 69 
toxicity for animals, 69 
toxicity for humans, 70 
vesicancy, 70-75 
Nitrogenous base reactions with sul- 
fones and sulfoxides, 409—412 
Nitrosocarbamates, aliphatic 
see Aliphatic nitrosocarbamate (KB- 
16) 
NMD (number median diameter), 272 
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Northrup titrimeter electronic interval 
timer, 2093-294 
Northrup titrimeter test for protective 
clothing, 554—556 
Nose penetration by particulate clouds, 
275-216 
Nuclear activity and vesicants, 437—439 
chromosomal mechanism, 437 
mitosis inhibition, 437—438 
swelling inhibition, 438—439 
Nutritional deficiency and susceptibil- 
ity to vesicants, 508-509 


OCD detector kit, 587 
Odor control with DDT, 646 
Oil screening smokes, toxicity tests, 
382-383 
Ointments for vesicant protection, 525— 
528 
action of agent on vesicant, 527—528 
agents other than chloramides, 527 
CC-2 ointment, 527 
developmental ointments, 525-526 
duration of protection, 528 
M-5 ointment, 528 
requirements, 525 
S-330 ointment, 526-527 
S-461 ointment, 525 
Osmoscope detection of phosgene, 20 


Paints for detection of liquid warfare 
agents, 585-586 
Pancreas secretions and (-chloroethyl) 
sulfide, 447 
Paper for detection use, 585 
Paper tape recorder, 614—616 
Paralytic action 
of cyanide poisoning, 15 
of methyl-bis(8-chloroethyl)-amine, 
462 
of mustards, 442 
Parasympathetie system affected by 
(8-chloroethyl) sulfide, 446—447 
gastric secretions, 447 
intestinal secretions, 447 
pancreas secretions, 447 
peripheral action, 446 
salivary secretions, 447 
Parasympathicolytic action of mus- 
tards, 442 
Particles, toxic 
see Particulate clouds 
Particulate clouds, 267-277, 292-296 
coagulation, 269 
dispersal of liquids and solutions, 271 
dispersal of solids, 271 
dispersibility, 276 
impingement of particles, 270 
in precision gassing experiments, 
297—209 
nonspherical particles, 273 
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particle size relation to properties, 
270 

particle size relation to warfare char- 
acteristics, 267 

retention in lungs, 299 

sedimentation, 269 

solid particles, 273 

sternutators, 268 

summary, 268 

types of clouds, 268-269 

Particulate clouds, sampling, 272-277, 

292—296 

aggregates of particles, present meas- 
uring difficulties, 273-274 

atomizing impinger, 204—295 

bubblers, 292-293 

cascade impactor, 272-274, 295-296 

field sampling methods, 276-277 

filters, 294 

mass median diameter (MM D), 272- 
274 

Northrup titrimeter electronic inter- 
val timer, 293-294 

number median diameter (N MD), 
272 

optical methods of analysis, 272 

particle diameter measurements, 272 

particle fractionators, 295 

precipitators, 294 

summary, 267—268 

thermal precipitator, 272 

ultramicroscopic observations, 272 

vapor concentration sampling, 292- 


294 
volume median diameter (VMD), 
272 
Particulate clouds, toxicology, 267-271, 
274-276 


effective inhaled dose, 271 
effective vesicant dose, 270-271 
inhalation toxicity, 271, 276 
nose penetration, 275-276 
particle size, effect on vesicancy, 269, 
274—275 
summary, 267—268 
vesicancy, 269, 274-275 
wind speed effect, 270-271 
Paste, DDT dispersible, 645 
Pathology of warfare agents 
see under name of individual agent 
PD (phenyldichlorarsine), 95-97 
Pectic acid salts, binder for carbon- 
treated fabrics, 538 
Peptide reaction with nitrogen mus- 
tards, 394 
Peroxide | 
as lewisite antivesicant, 84—85 
oxidation of bzs-(g-chloroethyl) sul- 
fide, 429 
Perspiration 
and vesicant susceptibility, 512—513 


deterioration of carbon-treated fab- 
rics, dol 
protection against hot air injuries, 
358-359 
Peters’ hypothesis, enzyme reaction 
with vesicants, 433 
PF-1 war agent 
see Dimethyl] fluorophosphate (PF-1) 
PF-3 war agent 
see Diisopropyl fluorophosphate 
(PF-3) 
Phenolie groups of proteins, reaction 
with vesicants, 432 
B-phenyl-8-chloroethylamine, 423 
Phenyldichlorarsine ( PD), 95-97 
Phosgene, 17-23 
advantages, 17 
as a war gas, 19-21 
bombs, 202 
canister protection, 17 
detection, 17 
diphosgene, 21-23 
liberated upon oxidation of DDT, 
643 
manufacturing hazards, 20 
maximum safe concentration, 20 
oxime, 246 
physical properties, 17, 29 
preparation, 17 
respiratory injuries, 17-19 
stability, 17 
toxicity, 17—20 
toxicity compared with other agents, 
19-20, 26 
Phosphates 
see also Ethyl dimethylamidocyano- 
phosphate 
alkyl cyanoamidophosphate, 131, 
140-141 
Phosphorus compounds, 131-155 
chemical reactions, 142-143 
decontamination, 144 
detection, 144—145 
eye effects, 145—150 
in mustard gas production, 30 
pathology, 153-154 
physiological mechanism, 155 
preparation, 132-142 
proteetion, 144, 154—155 
skin effects, 154 
stability, 143 
strueture, 131-132 
table of all compounds studied, 133- 
137 
toxicity, 150—154 
Phosphoryl chloride method of synthe- 
sis of dimethyl fluorophosphate 
(PF-1), 138 
Phosphoryl dichlorofluoride method of 
synthesis of dicyclohexyl fluoro- 
phosphate, 138 
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Phosphoryl fluoride, diamido 
preparation, 139-140 
structure, 131 
toxicity, 132 
Phosphoryl fluoride, bzs(dimethyl- 
amido) 
eye effects, 150 
strueture, 131 
toxicity, 153 
Photochlorination of methyl formate 
to diphosgene, 22 
Photoelectric dosage meter, automatic, 
619 
Photosynthesis of mustard gas com- 
pounds, 42-44 
Physostigmine, 204 
Pigment differences, effect on suscepti- 
bility to vesicant, 507—508 
Pillbox temperature after flame thrower 
attack, 304 
Plant toxalbumins 
see Ricin 
Plasma exposure to (g-chloroethyl) 
sulfide, 442-444 
Plasma potassium after eutaneous hy- 
perthermia, 362-368 
cell volume increase, 363-365 
erythrocyte content of potassium, 
365-366 
experimental procedure, 362 
extravascular diffusion, 363-365 
in vitro effects of heat, 366—368 
post mortem rise in plasma, 363 
strangulation effects on blood, 363 
summary, 368, 378 
Plasma protein ratio (A/G), 445 
Plasma turbidity after burning, 359- 
360 
Polymerization of cyanogen chloride, 8 
Polyvinyl esters as binders for carbon- 
treated fabries, 538 
Pope-Turner aromatic arsenical proc- 
ess, 86 
Potassium content of plasma affected 
by heat 
see Plasma potassium after cutane- 
ous hyperthermia 
Potentiometric dosage meters, auto- 
matic, 619 
Powders 
chloramide, 527 
DDT dispersible, 644-645 
for detection of liquid warfare agents, 
586 
Precipitators for particulate sampling, 
294 
Precipitin test for ricin, 197, 200 
Precision gassing, 296-299 
see also Gas dispersal into chambers 
cloud passage through human respir- 
atory system, 298-299 
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equipment, 296-297 
inhalation toxicity of particulates, 
297 
intrapulmonary installation of agent, 
297 
mask, 296 
nasal filtration with corn oil, 298 
nasal filtration with sodium bicar- 
bonate, 298-299 
particle retention in human lungs, 
299 
particulate cloud formation, 297—298 
valve system, 296-297 
Proeaine treatment of fluoroacetate 
poisoning, 169 
Propulsion fuels 
gasoline adjuvants for 
motors, 639—640 
hydrogen peroxide preparation, 640 
hydropulse fuels, 634—640 
Propy]-bis(8-chloroethyl)amine, 69 
** Propyl mustard gas", 41 
Protein 
alterations after heat exposure, 351— 
353 
binders for carbon-treated fabrics, 
538 
Protein reactions with vesicants, 431- 
433 
casein reactions, 432 
pH dependency of reactions, 432 
phenolic and indolyl group reactions, 
432 
properties altered by reaction, 432 
sulfhydryl group reactions, 432 
Pumps for gas sampling, 597—599 
compressed air injectors, 598 
electric pump, constant-displace- 
ment, 598 
electric pump, orifice-controlled, 598 
liquefied gas injectors, 598 
magnetic pump, 598—599 
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Pyrazolone-pyridine reagent for cyan- 
ogen chloride detection, 583 

Pyridine, 4-(p-nitrobenzyl), for mus- 
tard gas detection, 53 

Pyridine colorimetric determination of 
mustard gas, 603 

Pyrolysis of mustard gas, 617-618 

Pyrophosphatase activity affected by 
vesicants, 501 

Pyruvate oxidation inhibition by vesi- 
cants, 501 


Q war agent 
see Ethane, 1,2-bis(6-chloroethylthio) 
(Q) 
Quinoline derivated carbamates, 241- 
242 


Racial differences, effect on suscepti- 
bility to vesicants, 507—508 
Radiation, heat transfer role, 308 
* Radiator effect" of body tempera- 
ture, 512 
Rayon-earbon fabries, 545—548 
see also Carbon-treated fabrics 
carbon preparation, 545—546 
evaluation, 547—548 
knit fabrics, 546-547 
weaving process, 546 
yarn, 545 
Red cell changes caused by (8-chloro- 
ethyl) sulfide, 445, 453 
Reid-Macy mustard gas composition 
hypothesis, 34-35 
Research recommendations 
chloramide-impregnated. clothing, 
535 
metabolic disturbances in poisoned 
animals, 191 
ricin effect on unicellular organisms, 
191 
Respiratory damage from 
aliphatic fluorine compounds, 166 
aliphatic nitrosocarbamate (KB-16), 
123-124 
cadmium compounds, 174 
carbonyls, nickel and iron, 177 
cyanogen chloride, 12, 15 
disulfur decafluoride, 27—28 
exposure to gasoline conflagrations, 
305—306 
fluorophosphates and phosphorus 
compounds, 150-154 
lewisite, 88, 90 
methyl fluoroacetate, 166 
particulate clouds, 271, 275-276 
phosgene, 18, 20 
retention of toxic particles in lungs, 
299 
ricin, 188-190 
selenium dioxide, 175 
toxic particles retained in lungs, 299 
Respiratory damage from heat, 320- 
325 
alveolar ducts and alveoli injury, 323 
amount of heat in one breath, 323 
cutaneous hyperthermia effects, 375- 
376 
experimental procedure, 320 
fluctuations in respiratory rate, 375- 
376 
inhaled air, rate of cooling, 320-322 
larynx protection, 322-323 
mucosal necrosis, 323 
primary thermal injury of lungs, 323 
skin vs. respiratory tract, amount of 
heat transfer, 323-325 
summary, 325 
water content of inhaled gas, 324 
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Respiratory measurements during gas- 
sing 
see Precision gassing 
RH-195/TCE decontaminating system, 
513—514 
Ricin, 179-203 
as war gas, 201, 203 
clouds, 188-189 
detection, 196-198 
enzyme activity, 191 
mechanism of action theories, 190— 
191 
sodium sulfate cake, 185-186 
summary, 179, 203 
Ricin, amorphous, 181-183, 185-187 
castor beans, raw material, 181 
comminution, 182-183 
preparation B1; 186 
preparation 470 BM 199; 186 
preparation L703; 186 
properties, 181 
riein-sodium sulfate cake, 185-186 
toxin extraction from bean meal, 
181-182 
toxin isolation from aqueous extract 
of pomace, 182 
Ricin, crystalline 
chemical composition, 180 
preparation, 180-181 
properties, 180 
Ricin assay, 197-201 
bioassay, 198-199 
chemical assay methods, 200-201 
dose-survival time curve for mice, 
199-200 
enzyme activity, 200 
field detection, 201 
hemagglutination, 197, 200 
molecular homogeneity of ricin not 
determined, 198 
precipitin method, 197, 200 
Riein bomb dispersion 
carbon tetrachloride vs. water sus- 
pension, 202 
comparison with phosgene bombs, 
‘ 202 
ejection bombs of dry ricin, 201- 
202 
explosive bombs of suspended ricin, 
201-202 
plastic bombs, 202 
Ricin immunology, 191-198 
active immunization of animals, 195— 
196 
antiserums, 193-194 
human immunization, 196 
immunological methods for ricin de- 
tection, 196—198 
program summarized, 191—192 
therapeutic use of antiricin, 194 
toxoids, 192-193 
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Ricin preparation, 183-185 
eost of production, 183 
extraction, second time, 184 
extraction of pomace, 183 
precipitation and filtration, first 
time, 184 
precipitation and filtration, second 
time, 184 
spray drying and air grinding, 185 
starting material, 183 
summary, 179-180 
Ricin toxicity, 187-190 
anaphylactic responses of sensitized 
animals, 197-198 
as a cloud, 268 
eye damages, 188-189 
human toxicity, 189-190 
inhalation toxicity, 188—190 
intoxication symptoms, 189 
parenteral toxicity, 187—188, 190 
particle size distribution of toxin, 
188-189 
relation of survival time and dose, 188 
Rodent control, 641—650 
DDT, 641—646 
methyl fluoroacetate, 172 
red squill powder, 650 
rodenticides, 650 
sodium fluoroacetate, 172 
Rods for vesicant testing, 299—301 
Benesh micropipet, 300—301 
Drods, 299-300 
Edgewood rods, 299 
Rubber latex carbon-treated fabrics, 
537, 540-541, 549-550 
Rydon theory, applied to decomposi- 
tion of bis-(8-chloroethyl) sul- 
fide, 405 


S-210 impregnite for vesicant detoxifi- 
cation, 523 
S-328 impregnite for vesicant detoxifi- 
cation, 522 
S-330 impregnite for vesicant detoxifi- 
cation, 521, 523—524 
8-330 protective ointment, 526-527 
deterioration of carbon-treated fab- 
ries, 550 
treatment for mustard gas injury, 75 
8-436 impregnite for vesicant detoxifi- 
cation, 524 
8-461 impregnite for vesicant detoxifi- 
cation, 522-523 
8-461 protective ointment, 526 
Salcomine dusts, 383-384 
animal exposure effects, 384 
human exposure effects, 384 
prolonged exposure effects, 384 
structure, 383 
Salicylaldehyde ethylenedimine cobalt, 
383 
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Salivary secretions and (8-chloroethyl) 
sulfide, 447 
Sampling equipment for toxicological 
studies, 292—296 
see also Field sampling procedures 
absorber, 293 
atomizing impinger, 294—295 
cascade impactor, 295-296 
filters, 294 
Northrup titrimeter, 293-294 
particulate sampling, 294-296 
precipitators, 294 
vapor concentration sampling, 292- 
294 
“SB substances”, methyl-bis(8-chloro- 
ethyl)-amine effects, 460—461 
Schiemann’s fluorine reactions, 631 
Screening smoke chamber, 281-282 
Screening smoke toxicity tests, 382-383 
Selenium 
as warfare agent, 175-176 
physiological action, 175 
selenium oxide smoke, 175-176 
summary, 173 
toxicity by inhalation, 175 
Sensitization of skin to vesicants 
see Cutaneous sensitization to vesi- 
cants 
Sesquimustard, 456—457 
Shells, cyanogen chloride charged, 10 
Shells, high-explosive chemical, 68 
Silica gel vapor detectors, 584—585 
Silver’s equation, chamber equilibra- 
tion times, 278 
60° mustard gas process, 30 
Skin, human vs. porcine, 325-329 
blood vessels, porcine, 327-328 
dermis, 326-329 
epidermis, 325-326 
pathological response to vesicants, 
482—483 
relative vulnerability to thermal in- 
jury, 333-334 
summary, 329 
sweat glands, 328-329 
Skin burns 
see Cutaneous burns; Heat transfer 
to skin 
Skin toxicity of 
aliphatic nitrosocarbamate (KB-16), 
124 
cyanogen chloride, 15 
fluorophosphates, 154 
lewisite, 87—88, 90-92 
mustard gas, 479—518 
(8-chloroethyl) sulfide, 452—453 
Smokes, toxic 
arsenical irritant, 112-114 
cadmium oxide smokes, 174—175 
identification kit, 593 
microline smoke chamber, 283 


oil smokes, 382-383 
screening smoke chambers, 281—282 
selenium oxide smoke, 175-176 
Soap deterioration of carbon-treated 
fabrics, 550-551 
Sodium acetate treatment of fluoro- 
acetate poisoning, 169 
Sodium p-aminobenzoate treatment of 
fluoroacetate poisoning, 169 
Sodium bicarbonate, nasal filtration 
use, 208-299 
Sodium fluoroacetate 
rodenticide use, 172 
synthesis, 156-161 
Sodium pyrophosphate as cyanogen 
chloride stabilizer, 10 
Sodium thiosulfate as preventative for 
methyl-b:s(8-chloroethyl)-amine 
injuries, 464—466 
Spectroscopic analysis of DDT, 642-643 
Spotted Dick, mustard gas detection 
test, 582 
Spotted Dick, protective clothing test, 
553 
Starling and Knowlton’s heart hyper- 
thermia studies, 369 
Steady-state heat conduction equation, 
308-309 
Steam, heat injury production, 308 
Sternutators, 268 
Strangulation from cutaneous hyper- 
thermia, 363 
Sulfhydryl group reactions 
with nitrogen mustards, 395 
with sulfones and sulfoxides, 409 
with vesicants, 432 
Sulfide ethers examined for war use, 
45-47 
Sulfides 
see also Sulfides, 8-chloroethyl; Sul- 
fides, bis(8-chloroethyl); Sulfur 
mustards 
bis(8-bromethyl) sulfide, 54 
alkyl 8-chloroethyl sulfides, 412—413 
aryl 8-chloroethyl sulfides, 412—413 
benzyl 8-chloroethyl sulfides, 54, 490 
ethyl 8-chloroethyl sulfides, 54, 490 
methyl 8-chloroethyl sulfides, 54 
B-chloroethyl 8-chlorovenyl sulfides, 
39 
B-chloroethyl  8-hydroxyethyl  sul- 
fides, 406, 454 
1,2,2/"-trichlorodiethyl sulfides, 39 
Sulfides, 8-chloroethyl, 442—454 
atropine-like effect, 446 
bile elimination from intestine, 450 
capillary permeability, 450 
cross-transfusion experiments, 451 
deaths from systemic injury, 453-454 
excretion effects, 442—444 
gastric secretion effects, 447 
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human intoxication effects, 452-454 
intestinal secretion effects, 447 
intravenous injection effects, 452 
magnesium-sensitized animals, 450 
pancreas secretion effects, 447 
parenteral toxicity, 443 
penetration and distribution in sys- 
tem, 442-444 
peripheral action, 446 
prophylaxis and therapy, 448—449 
salivary secretion effect, 447 
sensitization, 450 
skin contamination, 452-453 
systemic action, summary, 444—445, 
451—452 
tissue action, 450 
urine effects, 453 
vomiting effect, 447 
vomiting effect, temperate vs. tropic 
climates, 452 
water and electrolytic metabolism 
effects, 447—448 
Sulfides, (8-chloroethyl), 
blood, 444—446 
albumin-globulin plasma protein 
ratio, 445 
anemia, 445 
coagulation time, 453 
electrophoretic pattern, 445 
hemoconcentration, 445 
leucopenia in men, 453 
lipemia, 450 
miscellaneous effects, 446 
NPN (non-protein nitrogen) rise, 
445—446 
occlusion of blood supply, 449 
plasma concentration changes, 442— 
444 
red cell count changes, 445, 453 
Sulfides, bis(8-chloroethyl), 397—405 
see also Mustard gas 
activation process, 400 
alkylation reactions, 400 
amine reactions, 404—405 
carboxyl group reactions, 401—404 
* competition factors", 400—401 
detoxicants; see Chloramides for 
vesicant detoxification 
oxidation by peroxides, 429 
preparation, 30 
pyridine reactions, 401 
Rydon decomposition theory, 405 
stability of derivatives, 405 
sulfide sulphur reactions, 404 
sulfonium salts formed during hy- 
drolysis, 398—400 
thiodiglycol (TG) esters, formation, 
404 
transformations in water, 397—400 
Sulfinic and sulfonic acid derivatives 
examined for war use, 45-52 


effect on 


Sulfone H, 408-412 
nitrogenous base reactions, 409-410 
pharmacology, 456 
sulfhydryl group reactions, 409 
summary, 412 
water reactions, 408 
Sulfones and sulfonium salts examined 
for war use (tables), 45-52 
Sulfones and sulfoxides, chemical re- 
actions, 408—412 
nitrogenous base reactions, 409-412 
sulfhydryl group reactions, 409 
summary, 412 
water reactions, 408—409 
Sulfonium compounds 
see also Ethylenesulfonium; Sulfones 
tris(8-chloroethyl) sulfonium  chlo- 
ride, 406 
8-chloroethyl 8-Lbs(8-hydroxyethyl) 
sulfonium lethyl sulfide chloride, 
454 
bisLbis(8-hydroxyethyl)  sulfonium- 
ethyl] sulfide dichloride, 456 
Sulfoxide H, 408-412 
pharmacology, 456 
summary, 412 
water reactions, 409 
Sulfoxides examined for war use 
(tables), 45—52 
Sulfur compounds as warfare agents, 
summary, 45—52 
Sulfur dichloride processes for mustard 
gas, 32 
Sulfur fluorides, calculated equilibria, 25 
Sulfur hexafluoride, 24-25 
Sulfur monochloride for mustard gas 
production, 32 
Sulfur mustards 
effect on enzymes and cells, 435 
general properties; see Mustard gas 
in heterogeneous systems, 429—430 
table of compounds, 45-52 
Sulfur mustards in homogeneous solu- 
tion, 424—429 | 
ethylenesulfonium ion formation, 


424—425 

ethylenesulfonium ion kinetics, 425- 
427 

ethylenesulfonium ion reactions, 
427—428 


kinetics of oxidation of bis(8-chloro- 
ethyl) sulfide (H) by peroxides, 
429 

kinetics of reaction mechanism, 415- 
416 

reaction formulation, 424 

reaction kineties, 428—429 

bis(8-chloroethyl) sulfide in aqueous 
solution, 425—426 

Sulfur tritadichloride in mustard gas 

formation, 40 


Summary, all compounds examined as 
chemical warfare agents, 3-6, 
247—264 

Summary of work of Div. 9, NDRC, 
3—6 

Sweat glands, porcine vs. human, 328- 
329 

Sweating 

deterioration of carbon-treated fab- 
rics, dol 

effect on vesicant susceptibility, 512— 
513 

protection against hot air injuries, 
358-359 


Tactical factors in poison gas use, 7, 23 
Tape recorders, 614-618 
paper tape recorder, 614-616 
pyrolytic mustard gas recorder, 617- 
618 
sensitized film for mustard gas re- 
corder, 616-617 
Temperature, concept of, 307 
Tetraazobenzenesulfonate, 404 
Tetrachloroethane 
solvent for carbon-impregnated 
clothing, 540 
solvent for chloramide-impregnated 
clothing, 529 
TG war agent 
see Thiodiglycol (TG) 
Therapeutic agent, BAL, 94-95, 570- 
571 
BAL glucoside, 571 
chemical analogs, 571 
Peters’ hypothesis, 433—434 
synthesis, 570 
Thermocouple 
determining surface temperature of 
skin, 314-315 
determining tissue temperature be- 
neath sites of cutaneous expo- 
sure, 313-314 
Thioacid derivatives examined for war 
use (table), 50-51 
Thiocarbazone reagents for arsenical 
detection, 582 
Thiodiglycol (TG) 
diacetate, 404 
esters, 404 
pharmacology, 454 
production processes, 30 
sulfone, toxicity in drinking water, 57 
sulfoxide, toxicity in drinking water, 
57 
use in mustard gas production, 30-31 
Thionyl chloride for mustard gas pro- 
duction, 30 
Thionyl chloride in nitrogen mustard 
preparation, 59 
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Thiosulfate as reagent for ethylenimon- 
ium compounds, 391 
Thiosulfate preventative for methyl- 
bis(8-chloroethyl)amine, 464— 
466 
Thiosulfate titration of mustard gas, 
604 
Thiourea test for mustard gas, 582 
Thymus hemorrhages from cyanide 
poisoning, 15 
Tissue changes after heat exposure 
see Cutaneous tissue changes after 
burns 
cultures, vesicant exposure 
effects, 436—437 
Tissue heat conductivity 
see Heat transfer to skin 
Titrimeters, 609—614 
automatie, 611—614 
eleetrolytie, semiautomatie, 610—611 
electrolytic recording, automatic, 
612-614 
field model, electrolytic semiauto- 
matic, 610-611 
field model, semiautomatic, 609-610 
mustard gas use, 53 
Northrup, 293-294 
recording, automatic, 612—614 
semiautomatic, 608-611 
TL toxic agents, 205-207 
see also Aromatic carbamates 
TL 599; 206 
TL 1071; 205-206 
TL 1216; 206 
TL 1217; 205, 207 
TL 1299; 205, 207 
Toxicity of warfare agents 
see under name of specific agent 
Toxicological Research Laboratory, 
CWS, 11 
Toxicological study apparatus, 278-302 
dispersal apparatus, gas into cham- 
bers, 285—292 
gassing chambers, 278—285 
** precision gassing" equipment, 296— 
299 
sampling equipment, 292—296 
vesicant testing equipment, 299—300 
Transepidermal necrosis 
see Cutaneous burns 
1,2,2'-trichlorodiethyl sulfide in mus- 
tard gas, 39 
Trichloromethyl chloroformate 
see Diphosgene 
Trichloromustard impurity in mustard 
gas, 32 | 
Triethylaluminum/triethylboron mix- 
tures, 636 | 
Trilons, German war gases 
alkyl eyanoamidophosphates, 140- 
141 


Tissue 


alkyl fluorophosphonates, 141-142 
structure, 131-132 
Tropical conditions for sampling 
see Field sampling procedures 
TU (toxicity unit), ricin lethal dose, 
198-199 
Typhus control with miticides, 650 


Ultraviolet spectroscopy for DDT de- 
termination, 643 
University of Chicago Toxicity Labo- 
ratory 
aromatic carbamate testing, 207—208 
metals as toxic agents, 173-178 
toxicological apparatus, 278—302 
Urea intravenous injections, 448 
Urea peroxide, lewisite antivesicant, 


84—85 

Urine, effects of (8-chloroethyl) sulfide 
on, 453 

Uyeno's systemie hyperthermia stud- 
ies, 368-369 


V-1 buzz bomb fuel, 639 
Valve systems in precision gassing, 296— 
207 
Vapor detection, 584—587 
see also Detection of warfare agents 
British detector kit, 586 
M-9 vapor detector kit, 586 
Navy Mark 1 detector kit, 587 
Vapor pressure of warfare agents, 29, 
626 
Vapor sampling, 292-295, 594—600 
absorber, 293 
bubblers, 292-293, 599—600 
dosage determination, 594—600 
Northrup titrimeter electronic in- 
terval timer, 293-295 
pump units, 597—599 
sampling installations, 597 
sampling periods, 595—596 
sampling points, 594—595 
vesicant testing device, 301—302 
Vesicant action 
see also Cutaneous burns from vesi- 


cants | 
of aliphatic nitrosocarbamate (KB- 
16), 125-126 


of heat on skin, 345-346 

of mustard gas, 53-56, 73 

of nitrogen mustard gases, 70—75 

of phosphorus compounds, 154 

Vesicant action of particulate clouds, 

269-275 

effective dose, nonvolatile vesicant, 
270-271 

homogeneous vs. heterogeneous cloud 
doses, 270 

particle size, effect on vesicancy, 269, 
274-275 





volatile vs. nonvolatile vesicants, 269 
wind speed effect, 270-271 
Vesicant detoxification 
see Chloramides for vesicant detoxi- 
fication 
Vesicant immunology, 502-505 
degree of hypersensitivity, 504 
desensitization, 505 
guinea pig sensitization, 503-505 
human sensitization, 502-503 
induction of hypersensitivity, 503- 
504 
onset time of hypersensitivity, 504 
prevention of sensitization, 504-505 
sensitivity to vapor, 503 
serum protein complexes, 505 
susceptibility, normal vs. sensitized 
animals, 504 
Vesicant reactions with proteins, 431- 
433 
casein reactions, 432 
pH dependency of reactions, 432 
phenolic and indolyl group reactions, 
432 
protein properties altered by - re- 
action, 432 
sulfhydryl group reactions, 432 
Vesicant susceptibility factors, 507-513 
age, 508 
amount of exposed skin, 512 
clothing, 512 
conditioning, 509 
dosage of vesicant, 510 
exposure time, 510 
humidity, 511 
mixtures of vesicants, 510—511 
nutritional state, 508—509 
part of body, 508 
pigment differences, 507—508 
racial differences, 507—508 
seasonal differences, 509 
state of vesicant, 509 
sweating, 511—513 
temperature of surroundings, 511 
variations among individuals, 508 
wind velocity and airflow, 511—512 
Vesicant testing equipment, 299—302 
Benesh micropipet, 300—301 
Drods, 299—300 
dynamie chambers for body expo- 
sure, 302 
Edgewood rods, 299 
Edgewood vapor eups, 301 
liquid vesicant cup, 301 
vapor train, 301—302 
wind tunnels, 302 
Vesicants 
see Mustard gas; Nitrogen mustard 
gas 
Vinyl chloride for mustard gas pro- 
duction, 42 
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Viscose coating of carbon-treated fab- 
rics, 544 

VMD (volume median diameter), 
272 

Volume inhaled per breath, 12 

Vomiting caused by (8-chloroethyl) 
sulfide, 447 

Vomiting in temperate vs. tropic 
climates, 452 


W toxic agent 
see Ricin 
War gases 
arsenicals, 83-114 
carbamates, aromatie, 204—245 
carbonyls, 176-178 
cyanogen chloride, 7—16 
diphosgene, 21-23 
fluorine compounds, 23-29 


fluorine compounds, aliphatic, 156- 
172 

fluorocarbons, 629-633 
fluorophosphates, 131-155 
hydrogen cyanide, 7—16 
miscellaneous compounds, 246-264 
nitrogen mustards, 59-82 
nitrosocarbamates, aliphatic, 115—130 
phosgene, 17-21 
ricin, 179-203 
sulfur mustards, 30—58 
summary, 3-6 

Water burns, 357 

Water contamination, 624—626 
aliphatic nitrosocarbamate (KB-16), 

125 

analysis of water, 625 
arsenicals, 625 
cyanogen chloride, 625 
fluorine compounds, 171-172, 625 





methyl fluoroacetate, 171-172 
mustard gas, 56-57, 624—625 
nitrogen mustards, 624 
testing kit, 587 
treatment of water, 625-626 

Wind tunnels 
for arm exposure studies, 284—285 
for vesicant testing, 302 

Wind velocity and vesicant dispersal, 

270-271, 511—512 


Yeast after exposure to vesicants, 434— 
436 
metabolism effects, 434 
morphological abnormalities, 434 
reproductive defects, 434 


Zine sulfate-molybdie acid test for 
arsenicals, 582 
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